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ABSTRACT  
 Propane conversion to propylene has been the subject of intensive researches. This 
is due to the increasing demand for propylene. Current propylene production processes 
suffer from several limitations. Oxidative dehydrogenation (ODH) is a promising 
alternative technology for propylene production overcoming the drawbacks of current 
processes. However, selectivity control in ODH is still a challenge preventing it from an 
industrial application. This is due to the formation of undesired carbon oxides. Thus, the 
development of a selective catalyst is crucial for the commercialization of ODH. 
Vanadium oxide catalysts have been proposed as the most active and selective catalyst for 
propane ODH. Moreover, new reactor concepts such as fluidized-bed might also help to 
make the ODH a feasible alternative for olefins productionas, offering some outstanding 
advantages in comparison to conventional reactors.  
 This dissertation provides fundamental understanding of structure-reactivity 
relationship of vanadium oxide catalyst for propane ODH in a fluidized-bed reactor using 
the lattice oxygen of vanadium oxide catalysts in the absence of gas-phase oxygen. 
Supported vanadium oxide catalysts with different vanadium loadings (5-10 wt %) 
supported on γ-Al2O3 is used. The prepared catalysts are characterized using several 
techniques such as BET surface area, H2-TPR, NH3-TPD, O2 Chemisorption, Laser 
Raman Spectroscopy, Pyridine FTIR and XRD. Characterization of the catalysts reveals 
that monomeric VOx species are predominant at low vanadium loadings while polymeric 
VOx species increase with higher loadings until monolayer surface coverage is reached. 
Moreover, the catalysts display moderated acidity compared to that of the bare alumina 
due to the relative increase in the number of Brønsted acid sites.  
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 Successive-injections propane ODH experiments in the CREC Riser Simulator 
over partially reduced catalyst show good propane conversions (12%-15%) and promising 
propylene selectivity (68-86%) at 475-550 
0
C. Product selectivities are found to augment 
with the catalyst’s degree of reduction suggesting that a certain degree of catalyst 
reduction is required for better propylene selectivity. Compared to average propylene 
yields of 5% and 15% obtained in FCC and steam cracking technologies, respectively, 
promising value of 7% was obtained in the present propane ODH study over vanadium 
oxide catalyst and under oxygen free conditions. Such result would encourage further 
investigation of propane ODH in the absence of molecular gas oxygen as promising 
alternative/supplementary technology for the production of propylene. 
 A kinetic model relating reaction rate to the catalyst’s degree of oxidation is 
proposed. Non- linear regression leads to model parameters with low confidence 
intervals, suggesting the adequacy of the proposed model in predicting the ODH reaction 
under the selected reaction conditions. 
 
  
Keywords: Propane Oxidative Dehydrogenation, Propylene, Vanadium Oxide, Lattice 
oxygen, CREC Riser Simulator, ODH Kinetic Modeling.  
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CHAPTER 1  
INTRODUCTION 
1.1 Background 
 Light Olefins, specifically ethylene and propylene, represent the most important 
building blocks for the petrochemical industry. They are important intermediates in the 
manufacture of polymers, chemicals and fuel components such as polypropylene, 
cumene, propylene oxide, acrylic acid and isopropyl alcohol with polypropylene 
accounting for about 50% of the world propylene consumption. Other uses of propylene 
in the refining industry include alkylation, catalytic polymerization, and dimerization for 
high-octane gasoline blend production (Aitani 2006). 
 Steam cracking of hydrocarbon feedstocks such as ethane, LPG, or naphtha has 
been a major source of light olefin manufacturing. These feedstocks account for 70% of 
total olefin production (Dharia et al. 2004; Farrauto and Bartholomew 1997a). In steam 
cracking, which mainly produces ethylene; propylene is produced as a side product. By 
varying the cracking severity and the feedstock, one can change the propylene to ethylene 
ratio from 0.4:1 to 0.75:1 (Walther 2003).  
Fluidized catalytic cracking (FCC) is the second most frequently used process for 
olefins production accounting for 28% of total olefins production (Ren et al. 2006).  In 
the FCC process, propylene is produced as a co-product during gasoline manufacturing 
with ethylene and propylene yields in 1-2% and 5% respectively. In addition to the 
cracking processes (steam cracking and catalytic cracking), light olefins can also be 
obtained by catalytic dehydrogenation of alkanes. It is a selective way to produce olefins 
and was commercialized in the 1930s (Bhasin et al. 2001). This route for olefins 
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production has been used to produce propylene and isobutene and the process accounts 
for about 3 % of the total propylene production (Anon 2004a). In particular, propylene 
production via alkane dehydrogenation has been considered as a feasible route in areas 
such as the Middle East where there is less expensive propane feedstock available.  
1.2 Current Technologies for Light Olefins Production 
 Nowadays, propylene production is carried out via three commercial processes, 
namely: thermal cracking (or steam cracking), catalytic cracking and catalytic 
dehydrogenation. A brief discussion regarding industrial processes currently used for the 
production of light olefins is provided in the upcoming sections of this PhD dissertation 
based on a number of relevant technical literature references (Bhasin et al. 2001; “Kirk-
Othmer Encyclopedia of Chemical Technology” 2002, “Ullmann’s Encyclopedia of 
Industrial Chemistry”). 
1.2.1 Steam Cracking Process 
As stated above, steam cracking of hydrocarbon feedstocks (ethane, LPG or 
naphtha) has been the main route for producing light olefins, especially ethylene since the 
1950s. It is a gas phase homogeneous reaction carried out at temperatures in excess of 
800°C. At these high temperatures, the hydrocarbon feedstock decomposes in the 
presence of steam forming a variety of products including olefins, paraffins and 
hydrogen. The reaction is highly endothermic and requires substantial energy to activate 
the reactant molecules involved.  
  Figure 1.1 reports a schematic of a steam cracking reactor. In this process, the 
hydrocarbon stream is heated and mixed with steam to reach 500-650 °C. This takes place 
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before entering a fired tubular reactor. It is in this fired tubular reactor where 
hydrocarbons species are further heated up to 750-875°C under a controlled residence 
time and partial pressure conditions.  As a result, saturated hydrocarbons crack into 
smaller molecular fragments, among which ethylene, propylene and other olefins and 
diolefins are the major products. Once products leave the fired tubular reactor, they are 
immediately cooled down to the 550-650 °C thermal level to prevent further degradation 
by secondary reactions. Steam is introduced with the feed as a diluent lowering as a result 
the ethane partial pressure and helping as well in diminishing coke formation. Typical 
operating conditions for ethane steam cracking are 750-800
o
C, 1-1.2 atm total pressure, 
and a steam/ethane ratio of 0.5. Liquid feeds are usually cracked at lower residence times 
and higher steam dilution ratios in comparison with gaseous feedstocks. Typical 
conditions for naphtha cracking are 800
o
C, close to 1 atm. total pressure, 
steam/hydrocarbon ratio of 0.6- 0.8, and a residence time of 0.35 seconds (Aitani 2006; 
Albright et al. 1992; Bhasin et al. 2001; Resasco and Haller 1994a) 
 
 
 
Figure 1.1: Schematic of a steam-cracking furnace. (Farrauto and Bartholomew 1997b) 
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 Steam cracking is primarily used for ethylene production. However, it is also 
considered as a major source for propylene and produces limited amounts of higher 
olefins as by-products. The selectivity of the process towards olefins can be adjusted 
through controlling both temperatures and residence times in the pyrolysis furnace. 
Moreover, the distribution of the products in thermal steam cracking is strongly 
dependent on the type of feedstock used (Baerns et al. 2002). Table 1.1 reports typical 
propylene yields from steam cracking of different hydrocarbon feedstocks. One can 
notice that the thermal cracking of ethane offers the lowest yields of propylene, with this 
being approximately 1.1 wt. %. Propylene yields can increase significantly however, 
using propane and liquid feedstocks.  
 
Table 1.1: Product yields from steam cracking of various hydrocarbons feedstocks. (Matar and 
Hatch 2001) 
Product yield  
(wt.%  on unit) 
Gaseous feeds  Liquid feeds 
Ethane Propane Butanes  Naphtha Gas oil 
H2 and methane 13 28 24  26 23 
Ethylene 80 45 37  30 25 
Propylene 1.11 14 16.4  14.1 14.4 
Butadiene 1.4 2 2  4.5 5 
Mixed butenes 1.6 1 6.4  8 6 
C5
+
 1.6 9 12.6  18.5 32 
  
 The steam cracking process is a highly endothermic reaction and consumes a large 
amount of heat. This energy consumption accounts for about 70% of the total production 
cost.  Thus, heat addition is needed to shift the overall reaction towards the formation of 
the desired dehydrogenation products.  Moreover, together with the formation of olefins, 
there is a significant amount of coke formed. The coke formed imposes severe operating 
process constraints, with frequent plant shut-downs being required. (Bhasin 2003a; 
Resasco and Haller 1994b) 
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1.2.2 Catalytic Cracking Process  
 In petroleum refineries, the fluid catalytic cracking (FCC) process is used to 
upgrade heavy and low-value refinery streams. Typical FCC feedstocks are vacuum gas 
oil, residues, and de-asphalted oil which are converted into light and higher-value 
products such as gasoline.  In FCC, propylene is formed as a co-product with gasoline. 
There are also small amounts of ethylene produced which are normally not recovered. 
About 60% of propylene produced in the FCC plants is used in chemicals production with 
the 40% remaining being employed in the production of high-octane gasoline blends. 
(Fahim et al. 2009) 
 A schematic flow diagram of a conventional FCC unit is shown in Figure 2.1. The 
main sections of this setup are comprised of a feed injection system, a reactor (riser), a 
stripper, a fractionator, and a regenerator. The propylene yield from a FCC unit is a 
function of the following parameters (Aitani 2006; Upson et al. 1993): 
- Processing capacity of the FCC unit; 
- Type of feedstock; 
- Riser reactor outlet temperature (severity); and 
- Fluid catalytic cracking catalyst type and additives. 
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Figure 1.2: Schematic of FCC unit. (Fahim et al. 2009) 
 
 
 Due to low propylene yields in FCC processes, it is not economical to build an 
FCC for the sole purpose of propylene production. Propylene manufactured comes in fact 
as a side product from the FCC unit. However, as the petrochemical industry is 
experiencing increased demands for propylene, extensive research efforts had led to the 
development of new FCC processes with increased propylene yields. Deep catalytic 
cracking (DCC), licensed by Stone & Webster/Shaw Shaw and RIPP/Sinopec, is one high 
olefin FCC process that has reached commercialization (Aitani 2006; Maadhah et al. 
2008). Moreover, recent research on new FCC catalysts has also improved the propylene 
yield from FCC from around 4.5% to 10% or greater. Some emerging FCC processes 
which are in various stages of development include PetroFCC (by UOP), High Severity-
FCC (by KFUPM, JCCP and Saudi Aramco), Maxofin (by KBR and ExxonMobil), 
Selective Component Cracking (by Lummus), and IndMax (by Indian Oil) (Dharia et al. 
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2004). Table 1.2 reports a comparison of different product yields, including propylene, 
from conventional FCC and selected emerging high-olefins FCC technologies. 
 
Table 1.2: Product yields of conventional and emerging FCC processes. (Aitani 2000; Dharia et al. 2004; 
Maadhah et al. 2008; Upson et al. 1993) 
Parameter FCC DCC PetroFCC HS-FCC 
Reaction Temperature (
o
C) 500 530 590 600 
Product yield (wt. %)     
Ethylene 1.5 5.4 6.0 2.3 
Propylene 4.8 14.3 22.0 15.9 
Mixed butanes 6.9 14.7 14.0 17.4 
Gasoline 51.5 39.0 28.0 37.8 
Heavy and light oils 21.0 15.6 14.5 9.9 
Coke 4.5 4.3 5.5 6.5 
 
FCC can be operated at 550°C range temperatures (200°C lower than steam 
cracking) which results in substantial energy savings (Dharia et al. 2004). The reaction is 
endothermic and despite the lower temperatures, it still requires substantial energy input. 
Coking on catalyst also occurs, with this leading to catalyst deactivation. This problem 
can, however, be overcome with continuous catalyst regeneration. Thus, with a proper 
FCC regenerator design and frequent catalyst addition, FCC units can usually be run for a 
few years without shut downs. (Fahim et al. 2009) 
1.2.3 Catalytic Dehydrogenation Process  
 Alkane catalytic dehydrogenation is an endothermic equilibrium reaction that is 
generally carried out using catalysts. Typical catalysts are Cr2O3/Al2O3 and Pt/Sn/Al2O3. 
In the dehydrogenation reaction, alkanes decompose into an olefin and an H2 molecule as 
described via  reactions 1.1 (Bhasin et al. 2001; Cavani 1995) 
       C3H8      
Catalyst
 C3H6 + H2                        (
o
RxnH =124 kJ/mol)                (1.1) 
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 Catalytic dehydrogenation technologies for light olefin production have been 
mainly considered for propane and butane dehydrogenation. In fact, there is no 
commercial technology for ethane catalytic dehydrogenation. This is due to the fact that 
dehydrogenation reactions are equilibrium-limited reactions. Furthermore,  in order to 
yield economically attractive selectivities and conversions for ethane dehydrogenation, 
high temperatures such as 800°C and above are required (Bliek et al. 2004; Cavani 1995). 
At these high temperatures, side reactions such as coke formation leading to catalyst 
deactivation and cracking are too severe to provide economically attractive selectivities 
and conversions (Lee and Lee 2006).  
 Currently, there are four industrial dehydrogenation processes for propylene 
production, namely: CATOFIN from ABB Lummus, OLEFLEX from UOP, Fluidized 
Bed Dehydrogenation (FBD) from Snamprogetti, and Steam Active Reforming (STAR) 
from Phillips Petroleum. These technologies differ in the catalyst type, the reactor design, 
and operating conditions. Table 1.3 provides a summary of these processes including 
typical operating conditions and product yields. Oleflex and the Catofin technologies are 
the most commercially available dehydrogenation units used today for propylene 
production. All these processes include a dehydrogenation section and catalyst 
regeneration section. (Anon nd, 2004a; Bhasin et al. 2001; Cavani 1995; Centi et al. 2001; 
Sanfilippo and Miracca 2006; Sanfilippo 2000) 
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Table 1.3: Typical properties of commercial propane dehydrogenation (Anon nd, 2004a; Bhasin et al. 
2001; Cavani 1995; Centi et al. 2001; Sanfilippo and Miracca 2006; Sanfilippo 2000) 
 CATOFIN OLEFLEX FBD
a
 STAR
b
 PDH 
Licensor SudChemie/ 
ABB Lummus 
UOP Inc. Snamprogetti Uhde/Phillips 
Petroleum 
Linde-
BASF-Statoil 
Reactor Adiabatic 
fixed-bed 
Adiabatic 
moving-bed 
Fluidized-
bed 
Adiabatic 
fixed-bed 
Isothermal 
fixed-bed 
Operation Cyclic Continuous Continuous Cyclic Cyclic 
Feedstock C3 or C4 C3 or C4 C3 or C4 C3  C3 
Catalyst Cr2O3/Al2O3 
with alkaline 
promoter 
Pt/Sn/Al2O3 
with alkaline 
promoter 
CrOx/Al2O3 
with alkaline 
promoter 
Pt/Sn on 
ZnAl2O4/CaAl
2O4 
CrOx/Al2O3 
T (
o
C) 590-650 550-620 550-600 550-590  590 
P (bar) 0.3-0.5 2-5 1.1-1.5 5-6 >1 
Conversion (%) C3: 48-65 
C4: 60-65 
C3: 25 
C4: 35 
C3:40 
C4:50 
C3:40 
 
C3:30 
 
Olefins 
Selectivity (%) 
C3: 82-87 
C4: 93 
C3: 89-91 
C4: 91-93 
C3: 89 
C4: 91 
C3: 89 
 
C3:90 
 
a 
Fluidized Bed Dehydroegantion (FBD) 
b
Steam Active Reforming (STAR) 
 
 Direct catalytic dehydrogenation of propane suffers from the same difficulties 
encountered in steam cracking and FCC processes. It is an endothermic reaction that 
consumes a large amount of heat and catalyst deactivation due to coke formation. 
Additionally, the reaction is thermodynamically limited making it impossible to achieve 
acceptable yields at low temperatures.  Hence, the combination of high temperatures and 
endothermic reaction makes the process very energy intensive. Moreover, at theses high 
temperatures selectivity can be difficult to control. (Bhasin et al. 2001; Kung 1994)  
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1.3  Oxidative Dehydrogenation for Olefins Production 
  As described in the previous sections, ccurrent conventional processes for olefin 
production suffer from several limitations related to their high energy requirements due to 
the endothermic nature of the reaction, coke formation, selectivity control and 
thermodynamic constraints. (Anon 2004b; Bhasin 2003b; Chan et al. 1998; Dharia et al. 
2004; Farrauto and Bartholomew 1997c; Ren et al. 2006; Resasco and Haller 1994a) 
As a result, a number of alternative technologies have been investigated for 
establishing economically feasible alternative routes for light olefins production 
circumventing the problem with current conventional processes for olefin 
production(Botella et al. 2006; Čapek et al. 2008, 2009; Cavani et al. 2007; Danica et al. 
2007; Haddad et al. 2007; Heracleous and Lemonidou 2006a; b; Karamullaoglu and Dogu 
2007; Klose et al. 2007; Lemonidou and Heracleous 2006; López-Nieto et al. 2004; 
Nakagawa et al. 2006; Shen et al. 2009; Shi et al. 2008; Solsona et al. 2006; Tope et al. 
2007). These approaches are currently being viewed as more attractive given the 
increasing world market demands for olefins, especially propylene.  
Oxidative dehydrogenation (ODH) has been proposed as an alternate method for 
olefin production that does not suffer from the drawbacks of traditional methods. As an 
exothermic process, ODH can overcome the thermodynamic limitations of the non-
oxidative dehydrogenation through the formation of water, as a stable product. Moreover, 
ODH displays a large and positive equilibrium constant, with this equilibrium constant 
decreasing at higher temperatures. Furthermore, the presence of oxygen limits coking and 
therefore extends catalyst usage. 
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Furthermore, light paraffin ODH processes can be operated at lower temperatures 
than either the thermal or the non-oxidative catalytic processes. Thus, ODH can offer 
potential increases in per-pass yields and energy savings while producing the desired 
olefins. Given that the formation of combustion products is thermodynamically favorable, 
selectivity control in ODH, reaction (1.2), is of paramount importance. Undesired carbon 
oxides can be formed either by direct alkane combustion, reaction (1.3), or by deep 
oxidation of the produced olefins, reaction (1.4). Thus, a catalyst for this reaction should 
be designed to prevent the undesirable reactions leading to carbon oxides (Bell et al. 
1999; Chen et al. 1999; Chen, Xie, et al. 2000, 2001; Kung 1994; Mamedov and Corberan 
1995). 
Desired Reaction: 
                                C3H8 + ½ O2 ↔ C3H6 + H2O     ,   (
o
RxnH = -117.1 kJ/mol)         (1.2) 
Undesired Reactions: 
                                C3H8 + ½ (4+3x) O2 ↔ 3COx + 4H2O                                           (1.3) 
                                C3H6 + 3/2 (2+x) O2 ↔ 3COx + 3H2O                                           (1.4)  
 
 Thus, due to selectivity control issues in ODH reaction, the only current 
commercial ODH process is that for butane conversion to maleic anhydride and acetic 
acid.  
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CHAPTER 2 
PROPANE OXIDATIVE DEHYDROGENATION: LITERATURE 
REVIEW 
2.1  Introduction 
 World-wide research efforts are being deployed for establishing economically 
feasible alternative routes for light olefins production. The goal is to circumvent the high 
energy requirements, the coke formation and the thermodynamic limitations associated 
with the current olefins production processes. These alternative routes are currently being 
viewed as even more attractive given the increasing demands for olefins, especially 
ethylene and propylene. 
Oxidative dehydrogenation (ODH) has been proposed as a promising route for 
olefin production. ODH does not suffer from the drawbacks of the traditional propylene 
manufacturing processes. Oxidative dehydrogenation of propane is of particular 
importance with propane being a main component of natural gas. This makes propane a 
preferable raw material, to substitute naphtha from crude oil in propylene manufacturing 
(Kondratenko, Steinfeldt, et al. 2006).  
2.2 Light Paraffins ODH Reactor System 
 New reactor concepts might also help in making oxidative dehydrogenation a 
feasible alternative for olefin production. Fluidized bed reactors offer some outstanding 
advantages in comparison to conventional reactor systems, namely: controlled isothermal 
conditions, uniform residence time distributions and the absence of mass transfer 
limitations. With fluidized beds, one can circumvent the potential issues with hot spots in 
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fixed bed catalytic reactors that may interfere with reactor performance and damage the 
catalyst.  
Moreover, the ODH reaction mechanism involves the reduction of the catalyst by 
the alkane feed with participation of the lattice oxygen, followed by re-oxidation of the 
reduced catalyst metal by gas phase molecular O2. Therefore, in such type of reaction 
mechanism, fluidized-bed reactors with periodic catalyst re-oxidation offer the means that 
enable the transport of reduced catalyst species from the oxidative dehydrogenation unit 
(zone) to the re-oxidation unit (zone). Therefore, the operation of twin reactors, one for 
the ODH and one for catalyst regeneration, appears to be a requirement for the 
implementation of this technology at the industrial scale.  
 While there is significant research on novel ODH catalysts (Al-Zahrani et al. 
2012; Fukudome et al. 2011a; Lin et al. 2012; Piumetti et al. 2011, 2012), there is limited 
information that specifically deals with light paraffins ODH on supported-vanadium 
catalyst in dense fluidized beds, risers or downers reactors. These studies are confined 
mainly to butane ODH (Lemonidou 2001; Rubio et al. 2003, 2004; Soler et al. 1999). It 
appears, in this respect, that there is an incentive for researchers and industry to explore 
this area.  
Thus, butane ODH is perceived as a potential industrial scale candidate for ODH. 
However, we believe that ODH should involve a broader and more integrated approach 
considering ethane and propane as ODH feedstocks. All these areas offer new 
opportunities for innovative fluidized bed technology such as the case of risers and 
downers. In fact, it appears not even butane ODH has been tried in circulating fluidized 
bed units, such as riser or downer units. In this regard, ethane ODH over VOx/ γ-Al2O3 
has been successfully produced in the CREC Riser Simulator in the absence of molecular 
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gas oxygen. Promising ethane conversions and ethylene selectivities have already been 
demonstrated by CREC researchers(Al-Ghamdi, Hossain, et al. 2013; Al-Ghamdi, Volpe, 
M.M. Hossain, and de Lasa 2013). Thus, it is in the interest of the present study to extend 
our research and explore propane ODH in the CREC Riser Simulator over VOx/ γ-Al2O3 
catalysts in an oxygen-free atmosphere. 
2.3 Benefits of Oxidative Dehydrogenation  
 As an exothermic process, oxidative dehydrogenation (ODH) can overcome the 
thermodynamic limitations of the catalytic dehydrogenation by forming water as a 
thermodynamically stable product, as shown by the large positive equilibrium constant 
that increases with decreasing reaction temperature in Figure 2.1.  Furthermore, the 
presence of oxygen limits coking and extends therefore catalyst usage.  
Moreover, ODH can be operated at lower temperatures than either the thermal or 
the catalytic dehydrogenation processes. ODH can thus offer potential increases in per-
pass yields and energy savings while producing the desired olefins. As well and due to the 
presence of oxygen, ODH allows enhanced catalyst utilization. This is due to the fact that 
the presence of oxygen limits coking deposition 
Selectivity control in ODH reactions is a major challenge (Bell et al. 1999; Chen 
et al. 1999; Chen, Xie, et al. 2000, 2001; Kung 1994; Mamedov and Corberan 1995). 
Undesired carbon oxides can be formed either by direct alkane combustion or by deep 
oxidation of produced olefins. As a result and ddue to this low selectivity, ODH has not 
been implemented in an industrial scale for propylene manufacturing. Thus, a catalyst for 
this reaction should be designed in such a way that it can prevent the detrimental 
reactions leading to carbon oxides (Mamedov and Corberan 1995). 
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Figure 2.1: Temperature dependence of equilibrium constants for propane direct dehydrogenation (empty 
triangles) and propane ODH (black triangles).  
 
2.4 Catalyst Development for Propane Oxidative Dehydrogenation  
 Catalyst development for ODH reactions has continued to focus on a variety of 
metal oxides alone or metal oxides combined with additives, such as alkali metals and 
halides, supported on a variety of metal oxide supports such as Al2O3, ZrO2, TiO2, MgO, 
SiO2, CeO2, and zeolites. The activity and selectivity of the ODH catalyst is greatly 
influenced by the combination of active metal oxides, support, additives and their 
interaction. Catalysts systems studied for oxidative dehydrogenation (ODH) of light 
alkane (ethane and Propane) can be classified into three groups (Bañares 1999; Cavani 
1995; Cavani et al. 2007; Grabowski 2006a) : 
 Catalysts based on alkali and alkaline earth ions and oxides (non-reducible metal 
oxides) 
∆ 
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 Catalytic material containing noble metals 
 Catalysts based on reducible transition metal oxides (typically transition metal 
oxides) 
2.4.1 Alkali and Alkaline earth-based catalysts 
 This class of catalysts contains non-reducible alkali and alkaline earth ions and 
oxides; and they show good olefin selectivity for ethane ODH. However, temperatures in 
excess to 600 
0
C are required for adequate operation. Although the best performance on 
this class of catalysts was reported for ethane ODH on Li-promoted MgO catalyst 
(Conway and Lunsford 1991; Lunsford et al. 1991) , propane ODH was less studied on 
this class of non-reducible catalysts (Burch and Crabb 1993; Yamamoto et al. 1993). 
Propylene is a preferred olefin to be produced via propane ODH. While ethylene 
can also be produced in significant amounts on these catalytic materials, industry still 
prefers to manufacture ethylene from thermal cracking of ethane. 
Among the few studied catalysts  for propane ODH, the ones displaying best 
performance, are catalysts containing MgO mixed and promoted by alkali metal (Li) 
oxides, halogens (mainly Cl) and dysprosium  (Dy)  (Fuchs et al. 2001; Kumar et al. 
2008; Landau et al. 1996; Leveles 2003a; b; Leveles et al. 2002; Trionfetti et al. 2006). In 
this respect, halides were claimed to be of a great importance in achieving high yields due 
to their acidity, which has a positive effect on the dehydrogenation reaction.  
The best performance in propane ODH on this class of catalysts was for 
Li/Cl/MgO/Dy2O3 catalyst system. Propane conversion between 13-70% and propylene 
selectivities between 46-75% were reported at temperature ranges between 500-650 
o
C. 
Under such reaction conditions, propylene yields between 6-23.8%, were reported (Fuchs 
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et al. 2001; Kumar et al. 2008; Landau et al. 1996; Leveles 2003a; b; Leveles et al. 2002; 
Trionfetti et al. 2006). 
2.4.2 Noble metal-based catalysts 
 This class of catalysts includes materials containing noble metals such as Pt, Rh 
Pd, which are known to be good combustion catalysts. However, under controlled 
reaction conditions such as having limited oxygen supply and short contact times, alkanes 
can be converted to olefins on these catalysts.  
Contrary to ethane ODH, propane ODH was less studied on this class of materials. 
In practice, several studies in the literature reported propane conversions between 10-70% 
with propylene selectivities between 10-23% over Pt, Rh and Sn coated monoliths at 
milliseconds contact times range and 900–1000 oC. Under such reaction conditions, 
propylene yields limited to 20% were reported (Cimino et al. 2010; Fathi et al. 2001; 
Sadykov et al. 2000; Silberova et al. 2004). 
2.4.3 Reducible Transition Metal Oxides-based Catalysts 
 This category of catalytic materials includes reducible transition metal oxides. 
This class of catalysts feature the activation of paraffins at lower temperatures than the 
ones required with alkali and alkaline earth and Nobel metals-based catalysts. Thus, while 
catalytic activity is usually higher with this class of catalysts, lower alkene selectivities 
are frequently found. Most propane ODH literature data is reported over this class of 
catalysts. Extensive reviews summarizing the work done on the ODH of low alkanes have 
been conducted by Cavani et al. (Cavani 1995; Cavani et al. 2007) and  Kung (Kung 
1994). Examples of such catalysts include:  
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 V-based catalysts such as metal vanadate, supported vanadium oxide 
 Mo-based catalysts such as supported molybdenum oxides and metal molybdates 
 Mixed Oxides Catalysts such as Mo-V-Nb, Mo-V-Sb and Mo-V-Ta oxides 
systems 
 
 The oxides of these transition metals contain removable oxygen (lattice oxygen) 
which participates in the ODH reactions under oxygen-free atmosphere conditions. 
However, lattice oxygen is also involved in the unselective pathways of ODH forming 
carbon oxides. Vanadium-based catalysts are among the most active and selective for 
light alkanes ODH (Bañares 1999; Bell et al. 1999; Cavani et al. 2007). A brief discussion 
on the available literature and recent research done on this class of catalytic materials for 
propane ODH is provided in this chapter. This section gives, however, special emphasis 
on vanadium-based catalysts which are the class of catalyst used in the present PhD 
dissertation. 
2.5 Structure of Supported Vanadium Oxide Catalysts 
 The possible application of vanadium-based catalysts as active and selective 
catalysts for propane ODH has been a topic of intense literature review (Ballarini et al. 
2004; Bañares and Khatib 2004; Bell et al. 1999, 2002a; Blasco and López-Nieto 1997; 
Dinse et al. 2008; Grzybowska, Klisinska, Samson, et al. 2006; Lemonidou et al. 2000; 
López-Nieto et al. 1999; Routray et al. 2004a; Solsona et al. 2001; Sugiyama et al. 2008; 
Taylor et al. 2009). This is due to the vanadium ability to provide lattice oxygen for 
hydrogen removal from alkanes (Bell et al. 2009; Mamedov and Corberan 1995). This 
involves catalyst reduction by alkanes with lattice oxygen, reaction (2.1), followed by re-
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oxidation of the reduced vanadium cations by gas phase molecular O2.(Cavani 1995; 
Mamedov and Corberan 1995) 
 
                       C3H8 + VOx ↔ C3H6 + H2O + VOx-1                                                     (2.1)   
                        VOx-1+ ½ O2 (air) ↔ VOx                                                                     (2.2) 
  
 Mamedov and Corberan (Mamedov and Corberan 1995) have summarized the 
performance of different vanadium-based oxides catalysts including unsupported and 
supported V2O5, vanadate, solid solutions and mixed phases for the ODH of C2-C5 alkane. 
In this review, these authors provided evidence that different V2O5-based catalysts exhibit 
a fairly high activity in ODH of light alkanes.  
Moreover, early studies by Le et al. (Le et al. 1992) and Oyama and Somorjai 
(Oyama and Schmidt 1990) showed that bulk unsupported V2O5 is not an effective 
catalyst for alkanes ODH. To establish this, the catalytic performance of vanadia catalysts 
was investigated over different catalyst supports. It appears that oxygen species bridging 
surface vanadium oxide species play an important role in catalyst activity.  
The catalytic behaviour of supported vanadia catalysts in ODH reactions is 
generally controlled by three important factors: (i) the structure of the VOx surface 
species; (ii) the acid–base character of the catalysts and support material and (iii) the 
redox properties of VOx surface species. These three factors can be strongly influenced by 
the type of support and the vanadium loading (Bañares 1999; Bell et al. 1999; Bozon-
Verduraz et al. 2004; Martinez-Huerta et al. 2006; Wachs and Weckhuysen 1997). A 
summary of some significant research findings on vanadium-based catalysts for propane 
ODH are presented in the upcoming sections. These sections will focus on vanadium-
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based catalysts, their structures, their structure- activity relationship, and their catalytic 
activity in propane ODH reaction.  
2.5.1 VOx Surface Coverage 
 The catalytic properties of vanadium oxide can be improved by depositing it on an 
appropriate support, such as alumina, silica, titania, zirconia. The molecular structures of 
surface vanadia species on metal oxide supports have been extensively investigated in the 
past few years with many different spectroscopic methods: Raman Spectroscopy, FT-IR, 
XANES/EXAFS, solid state 
51
V NMR, UV-VIS DRS and ESR (Bañares et al. 2000; Gao 
et al. 2002; Rossetti et al. 2012; Ruitenbeek et al. 2000; Vuurmant and Wachs 1992; 
Weckhuysen and Keller 2003; Wu et al. 2005; Yoshida, Tanaka, Nishima, and Mizutani 
1988; Yoshida, Tanaka, Nishima, Mizutani, et al. 1988).  These structural studies suggest 
that depending on the vanadium loading on the support, four kinds of VOx surface species 
are present on the support surface as simplified in Figure 2.2): (a) isolated VO4 species 
(monovanadate); (b) polymeric VO4 species (polyvanadates); (c) mix of both isolated and 
polymeric VO4 surface species, and (d) V2O5 crystals.  
 While other factors such as the type/nature of the support and the preparation 
method are deemed important, the amount of vanadium loading was found to have the 
main role in the evolution of different VOx surface species on the catalyst support surface 
(Bell et al. 1999). With this regard, the structure of alumina-supported vanadia  has been 
investigated extensively in several studies (Arena et al. 1999; Auroux et al. 1996; Bell et 
al. 1999, 2002a; Blasco and López-Nieto 1997; Blasco et al. 1997; Klose et al. 2007; 
Martinez-Huerta et al. 2006; Reddy and Varma 2004; Sham et al. 2004; Wu et al. 2005) 
with a main factor considered being the effect of vanadium loading. In general, these 
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studies showed that at low vanadium loading; a highly dispersed isolated VO4 surface 
species (monovanadates) is formed.  As VOx surface density increases with loading, 
surface structures evolve from isolated monovanadates to polymeric polyvanadate 
domains until monolayer surface coverage is reached. At high vanadium loading, 
crystalline V2O5 nanoparticles form on top of the surface vanadia monolayer surface 
coverage.    
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Figure 2.2: Supported vanadium oxide catalysts consist of (a) isolated, (b) polymeric surface VOx species 
and (c) crystalline V2O5 nanoparticles 
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2.5.2 Active Lattice Oxygen Species 
 Several structure-reactivity studies on vanadium-based catalyst in alkane ODH 
reactions were developed in recent years (Auroux et al. 1996; Bañares 1999; Bañares et 
al. 2000; Bell et al. 1999; Ferrari and Volpe 2002; Kung 1994; Martinez-Huerta et al. 
2006; Volpe and Ferrari 2000; Wachs and Weckhuysen 1997; Wan et al. 1994). These 
studies showed that the different VOx surface structures have a significant effect on the 
rate and products selectivities for propane ODH on those catalysts.  
It has been proposed in those studies that the variation of the binding strength of 
surface lattice oxygen in the VOx surface species structure is the main parameter that 
governs activities and selectivities of alumina-supported vanadia catalysts (Sham et al. 
2004; Yoshida, Tanaka, Nishima, and Mizutani 1988).  In extensive structural studies 
developed by Wachs et al. (Wachs et al. 1996, 1997; Weckhuysen and Keller 2003) on 
supported vanadium oxide catalysts, three types of lattice oxygen bonds were identified: 
a) terminal V=O bonds, b) bridging V–O–V bonds, and c) V–O–support bonds as shown 
in Figure 2.3. Each type of lattice oxygen has different binding strength and those studies 
were aimed to determine which type is responsible for the oxidation activity in various 
catalytic oxidation reactions.  
 Initially, the V=O terminal bond was proposed to be the active surface site 
containing the oxygen critical for the selective oxidation occurs  (Bond and Tahir 1991). 
However, in situ Raman spectroscopy studies combined with catalytic activity 
measurements for both methanol (Deo and Wachs 1994) and butane selective oxidation 
(Wachs et al. 1996) has demonstrated  that there is no relation between the terminal V=O 
bonds Raman shift and the reaction rate on vanadium oxide catalysts.  Furthermore, 
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oxygen-18 labeling experiments of the terminal V=O bond reported in these studies 
during methanol oxidation has revealed that this bond is very stable and has much slower 
exchange time from V=
18
O into V=
16
O than the effective reaction rate. All these 
experimental observations strongly suggest that the terminal V=O bonds do not contain 
the critical oxygen that is involved in the oxidation reactions.  
 As for the bridging V-O-V bond, it has been observed that it is mainly formed in 
the polymeric structure of VOx surface species. Its surface concentration increases with 
increasing vanadium oxide loading. Deo and Wachs (Deo and Wachs 1994), studied 
several vanadium oxide catalysts with different vanadium loading for methanol selective 
oxidation to formaldehyde. It was reported in this study that the TOF (Turnover 
Frequency) on these catalysts is however, independent of the vanadium loading. This 
suggests that the oxygen associated with the V-O-V bond does not critically participate in 
the oxidation reaction.  
 More insights of the role of the oxygen in the V-O-Support bond can be provided 
by changing the type of the support. Deo and Wachs (Deo and Wachs 1994), in the same 
study, developed experiments for methanol selective oxidation on vanadium oxide 
catalysts supported on different materials (SiO2, Al2O3, ZrO2and Nb2O5). At given 
vanadium loading, it was found that the catalytic activity is influenced by the type of the 
support. Therefore, it was suggested that the oxygen in the V-O-Support bond rather than 
the terminal V=O and V-O-V bonds is the one involved in this catalytic oxidation 
reaction.  
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(a) (b)
Support Support
 
Figure 2.3: Three possible V-O bonds involved in the selective oxidation of alkanes to olefins :(a) 
monomeric VO4 species and (b) polymeric VO4 species characterized by V-O, V-O-V and V-
O-Support bonds. (Weckhuysen and Keller 2003) 
 
 Although there are several studies reporting the structure-activity of vanadium 
oxide catalysts with different VOx surface species, there is no clear relationship between 
the structure of VOx surface species and their oxydehydrogenation activity. This is 
particularly true for the lower alkanes (Martinez-Huerta et al. 2006).  
In addition, the catalytic activity and selectivity of those supported vanadium 
oxide catalysts were related to other properties than the different VOx surface species 
such as the nature of the support and the degree of interaction of the VOx surface species 
with the oxide support. (Bañares 1999; Bell et al. 1999; Bozon-Verduraz et al. 2004; 
Martinez-Huerta et al. 2006; Wachs and Weckhuysen 1997). 
2.5.3 Effect of Support (Acid/Base Properties) 
 The role of the support on the catalytic activity and selectivity of vanadium oxide 
catalysts in alkane ODH has been investigated by many authors in the literature (Arena et 
al. 1999; Bañares et al. 1997; Bell et al. 1999; Corma et al. 1992; Lemonidou et al. 2000; 
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Piumetti et al. 2012; Tsilomelekis et al. 2007; Volpe and Ferrari 2000). These studies 
show that the physical (surface area) and chemical properties (acidic/basic character) of 
the support when using vanadium oxide catalysts for ODH play an important role in 
determining their olefin selectivity. This variation of catalytic activity with the type of 
support is attributed to the formation of different structure of VOx species with different 
reducibility and dispersion on different types of supports.  
 In a study by Martra et al. (Martra et al. 2000), the surface properties of a series of 
vanadium oxide catalysts supported on different oxides (Al2O3, H–Na/Y Zeolite, MgO, 
SiO2,TiO2 and ZrO2) were investigated. These authors used transmission electron 
microscopy (TEM) and FTIR spectroscopy assisted by CO and NH3 adsorption. It was 
found that oxide supports with high specific surface area such as H–Na/Y zeolite, SiO2 
and Al2O3 allowed a high dispersion of the VOx species. In general, investigations on 
vanadium oxide catalysts supported on different support materials (Ballarini et al. 2004; 
Kondratenko, Cherian, et al. 2006; Lemonidou et al. 2000; Martra et al. 2000) have 
indicated that much higher vanadium loading (without formation of V2O5 crystals) can be 
obtained on Al2O3, TiO2 and ZrO2 in comparison to silica given: a) silica is relatively 
inert, b) interaction with the vanadium oxide phase is very weak. This leads to poor 
dispersion of the supported vanadium oxide species.  
On the other hand, a strong interaction between vanadium oxide and the support 
can result in the formation of mixed metal oxide compounds rather than a stable surface 
VOx species. For example, in MgO-supported vanadium oxide catalyst, a mixed MgV2O7 
compound is formed, resulting in both surface and bulk vanadia species. Similarly, the 
deposition of vanadia on zirconia may result in the formation of ZrV2O7. 
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 It was also shown in several studies (Blasco et al. 1995; Corma et al. 1992; Deo 
and Wachs 1994; Ishida et al. 1991; López-Nieto 2006; Martinez-Huerta et al. 2006; Shen 
et al. 2003; Wachs and Weckhuysen 1997) that the acid-base character of the support can 
control the vanadium-based catalyst reactivity/selectivity. This occurs as a result that the 
acid-base support properties influence both the reactants and product 
adsorption/desorption. Acidic catalysts favour basic reactant adsorption and acidic 
product desorption, thereby protecting these chemical species from further oxidation to 
carbon oxides (Kung et al. 1993). Given that the acid character of alkanes and their 
corresponding olefins diminishes with increased carbon numbers and degree of molecule 
saturation; one can hypothesize that higher selectivity in ODH could be achieved  by 
designing catalysts with controlled acidic character. As a result these catalysts could be 
tailored as well to specific ODH feeds.  
 For instance, higher selectivities to ethylene have been obtained over acidic 
catalysts like the VOx/ γ-Al2O3 catalysts. These findings were justified as a result of the 
fact that higher support acidity decreases the interaction between the ethylene product and 
the catalyst (Blasco et al. 1997). In line with this, the significance of Lewis acidity for 
ethane ODH was shown in our previous studies (Al-Ghamdi, Hossain, et al. 2013; Al-
Ghamdi, Volpe, M.M. Hossain, and de Lasa 2013). In these studies, ethane ODH was 
reported using a VOx catalyst supported on chi-type alumina (c-Al2O3) support with 
controlled Lewis acidity. For propane ODH reactions, low acidity with dominant 
Brønsted acid sites was desirable to facilitate rapid propylene desorption, thus, avoiding 
its further oxidation to COx. However, the acidity has to be kept at levels that can favour 
propane adsorption, yielding, in this manner, acceptable overall catalytic activity (López-
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Nieto 2006). Thus, there is a delicate balance in ODH between support acid-base type and 
support acid-base strength.   
 On the other hand, Corma et al. (Corma et al. 1992) found that in ODH of 
propane, the most selective catalysts were obtained with V supported on basic, rather than 
on acidic metal oxides. On basic supports (e.g., MgO, La2O3, Sm2O3), the interaction 
between the acidic V2O5 with the basic support is strong leading to the formation of 
highly dispersed VOx species responsible for higher selectivities to alkenes. However, on 
acidic supports (e.g., SiO2, Al2O3), the interaction between the acidic V2O5 with the acidic 
support is weak leading to less dispersed vanadium species on the surface which favours 
the formation of less active V2O5 crystalline phase  (Blasco and López-Nieto 1997; 
Blasco et al. 1995; Galli et al. 1995; Gao et al. 1994).  
Moreover, in the case of metal oxide support with strong acidic character, it is 
expected that alkane dehydrogenation using these materials will be accompanied by 
undesired cracking and coking leading to significant catalyst deactivation. In contrast, the 
use of non-acidic or mild-acid support (e.g. Al2O3) can help minimizing unwanted 
secondary reactions. 
2.5.4 Red-ox properties of supported VOx Catalysts 
 The reducibility of vanadium oxide is considered as one of the main factors 
influencing its activity in partial oxidation and ODH reactions of alkanes. There is a 
parallel relationship between catalyst reducibility and VOx surface structure on a given 
metal oxide support. In this respect, the reducibility of the surface VOx species increases 
with surface VOx coverage. Thus, the following trend for the reducibility of the different 
supported vanadia species can be considered: polymeric surface VOx > isolated surface 
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VOx > crystalline V2O5 nanoparticles (Chen et al. 2002; López-Nieto 2006; López-Nieto 
et al. 1999; Martinez-Huerta et al. 2006; Roozeboom et al. 1980). Moreover, the extent of 
the reducibility of supported vanadium oxide catalysts is affected by the type of support 
used. 
 Lemonidou et al. (Lemonidou et al. 2000) investigated the extent of reducibility of 
several vanadium oxide catalysts supported on different supports and their relative 
propane ODH . In this study, temperature programmed reduction patterns showed that the 
reducibility of V species and hence their catalytic activity is affected by the support acid–
base character with decreasing reducibility of V species on more basic support oxides. 
Moreover, propane ODH reaction runs conducted at 450–550 oC shows that 
V2O5/TiO2 catalysts which is less basic and easier to reduce is the most active catalyst 
while V2O5/Al2O3 which is more basic and difficult to reduce is the most selective in 
propylene production.This variation of vanadium oxide reducibility on different metal 
oxides supports could be related to the reducibility of the different V-O-Support bonds 
existing on different support types (Blasco and López-Nieto 1997; Lemonidou et al. 
2000; Martinez-Huerta et al. 2006; Wachs 2005).Thus, one can conclude that the catalytic 
activity and selectivity of supported vanadium oxide catalysts are significantly affected 
by the properties of the support oxide material, the interaction of the surface VOx species 
with the oxide support and the vanadium loading (Blasco and López-Nieto 1997; 
Martinez-Huerta et al. 2006).  
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2.6 Catalytic Properties of Vanadium-Based Catalysts for Propane 
ODH 
 Vanadium oxide catalysts supported on various oxides show promising results for 
propane ODH. Their catalytic performance in the ODH of alkanes depends on the nature 
of the support, the preparation procedure and the vanadia loading. Moreover, acidic and 
basic characters as well as the redox properties are the most important factors that affect 
the performance of ODH catalysts.  
 Two of the most important catalytic systems studied for the ODH of propane are: 
molybdenum-based catalytic systems and vanadium-based catalytic systems. The 
molybdenum-based systems were found to be less active when compared to the 
vanadium-based catalysts. 
 The catalytic behaviour of vanadia can be improved by depositing on an 
appropriate supports such as alumina (Al2O3), silica (SiO2), zirconia (ZrO2) and titania 
(TiO2). Silica and alumina have been particularly intensively explored. The catalytic 
performance of supported vanadium oxide catalysts are related to the nature of the V
5+ 
surface species, which depend on the metal oxide support  and the vanadium loading. In 
general for alkanes ODH reactions, isolated tetrahedral V
5+
 surface species (which are 
obtained at low V-loadings) are more selective but less active than V
5+
 surface species 
with higher coordination and/or higher aggregation (which are obtained at higher V-
loadings) (López-Nieto 2006) 
 There have been extensive structural studies on Al2O3-supported vanadia catalysts 
and their activity for the oxidative dehydrogenation of propane using in-situ Raman 
Spectroscopy, FTIR, XANES/EXAFS solid state 
51
V NMR, UV-vis DRS and in-situ X-
ray Absorption techniques (Arena et al. 1999; Bañares and Khatib 2004; Bell et al. 1999, 
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2002a; Kondratenko, Cherian, et al. 2006; Nishijima et al. 1993; Ruitenbeek et al. 2000; 
Volpe and Ferrari 2000; Wachs and Weckhuysen 1997; Wu et al. 2005; Yoshida, Tanaka, 
Nishima, Mizutani, et al. 1988). In general, these studies suggest that at lower vanadium 
loading there were more isolated VOx species on the alumina support surface while at 
higher vanadium loading with a near monolayer coverage, vanadium oxide surface 
species (VOx) exist as a two-dimensional polymerized VOx network.  
 The differences in their catalytic activities and selectivities in ODH reactions have 
been explained in terms of the binding strength of the lattice oxygen in the V-O-Support 
bond. It was shown that at lower vanadium loading, lattice oxygen in the isolated VOx 
species is bound more strongly than in the higher loading catalyst. These findings were 
confirmed by recent reduction studies conducted by Wu et al.  (Wu et al. 2005) and Klose 
et al. (Klose et al. 2007) on Al2O3-supported catalysts. It was found that the reduction rate 
of the alumina-supported vanadia phase increases as the vanadia loading increases due to 
reduced lattice oxygen bonding at higher loading. This decreased mobility of lattice 
oxygen at lower vanadium on Al2O3 is thus suggested to provide lower activity but better 
selectivity in light alkanes ODH reaction. 
 In a study by Bell et al. (Bell et al. 2002),  the catalytic properties of Al2O3-
supported vanadium oxide with a wide range of VOx surface density between 1.4–34.2 
V/nm
2
 were examined for the oxidative dehydrogenation of ethane and propane. Structure 
UV–visible and Raman spectra showed that vanadium oxide is dispersed predominately 
as isolated monovanadate species below 2.3 V/nm
2
. As surface densities increase, two-
dimensional polyvanadates appeared between 2.3–7.0 V/nm2 and V2O5 crystallites 
appeared at surface densities above 7.0 V/nm
2
.  In propane ODH reaction runs, propylene 
formation rates (per V atom) were strongly influenced by vanadia surface density as 
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shown in Figure 2.4 and reached maximum value at intermediate surface densities around 
8 V/nm
2 
which is equivalent to a monolayer coverage
. 
. The trend shown in Figure 2.4 
reflects that at low VOx surface density, lower rate is obtained as most of the surface area 
is inactive Al2O3. However, the addition of vanadia species will result in more VOx 
species evolving from isolated monovanadates, to nearly complete polyvanadates 
monolayer where the propylene formation reached its maximum. Following this, the 
gradual building of additional layers of VOx species above the monolayer would lead to 
low ODH rates. Moreover, the ratio of propane ODH rate to the propane combustion rate 
was found to be slightly increasing with vanadia surface density, suggesting that isolated 
structures prevalent at low surface densities are slightly more selective for propane ODH 
reaction. 
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Figure 2.4: Initial alkene formation rates as a function of vanadia surface density on VOx /Al2O3 catalysts 
for propane ODH (663 K, 14 kPa C2H6 or C3H8, 1.7 kPa O2, balance He). (Bell et al. 2002) 
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 Sham et al. (Sham et al. 2004) investigated propane ODH on A12O3-supported 
vanadium oxide with vanadium loading between 1.4-5.1 wt.%. The ODH reaction was 
carried out in a fixed bed reactor at temperatures between 430-500 
o
C and O2: propane 
ratio of 0.75 and 2. The highest propylene yield was 13.82% at 500 
o
C and at propane 
conversion of 29.61% and propylene selectivity of 46.68%. This high yield was achieved 
on 2.7 wt. % vanadium catalysts with O2:C3 ratio of 0.75.   
 Al-Zahrani and co-workers (Al-Zahrani et al. 2000) reported that alumina 
supported oxides of vanadium catalyze propane ODH at 450°C with a maximum 
conversion of 26% and selectivity to olefin of 70%. This was explained on the basis of 
the lattice oxygen reactivity as estimated from the reduction potential of the metal cations 
.  Kieselguhr  (a form of silica) supported transition metal (V, Cr, Mn, Co, Ni) oxides 
were studied by Jibril and Ahmed (Jibril and Ahmed 2006) for propane ODH and they 
showed propane conversions with highest olefin yield of 6.5% at 500°C in the presence of 
Mn. Hence, further improvement of the olefins selectivity has to be done by modification 
of the redox properties of catalyst materials. Kondratenko et al. (Kondratenko and Baerns 
2001) also found that when the support was fully covered by a well-dispersed vanadia 
species, a high selectivity to propylene could be achieved. Moreover, it was found that 
higher propylene selectivities are obtained when isolated monovanadate species are 
formed rather than polymeric V species which leads to combustion products.  
 Due to their important role in determining the nature and reducibility of metal 
oxides, the influence of metal oxides supports on the reactivity of vanadium oxide for 
propane ODH has been investigated by several authors. The catalytic behavior of 
supported vanadium oxide catalysts in the oxidative dehydrogenation of propane on 
different types of supports (Al2O3, SiO2, HfO2, TiO2, ZrO2) with VOx surface density 
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ranging from 0.15-50 VOx/nm2 have been investigated by Iglesia et al. (Bell et al. 1999; 
Chen et al. 2002; Chen, Iglesia, et al. 2000). It was shown that at lower surface densities; 
vanadium oxide was highly dispersed on Al2O3, HfO2, TiO2, and ZrO2 supports. 
However, on SiO support, vanadium oxide was dispersed as large V2O5 crystallites. 
Moreover, at a given VOx loading, different supports enabled the dispersion of significant 
amounts of vanadia at low surface densities (V/nm
2
) as shown in Figure 2.5.  It was also 
observed that as the surface density increased, surface structure evolved from isolated 
monovanadates to polyvanadates and V2O5 crystallites on all types of supports. However, 
polyvanadates appeared at lower surface densities on ZrO2 and TiO2 than on Al2O3, and 
HfO2 supports. 
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Figure 2.5: VOx surface densities for supported vanadium oxide catalysts after oxidation treatment at 773 
K for 3 h. (Bell et al. 1999) 
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 Lemonidou  and co-workers (Lemonidou et al. 2000) studied the effect of 
different supports (Al2O3, TiO2, ZrO2 and MgO) on the reducibility of vanadium oxide 
catalysts. These authors observed that the acidic and basic nature along with the redox 
properties of the support has a strong influence on the reducibility of the V species. It was 
concluded that the higher the reducibility of the V species, the higher is the catalyst 
activity. However, the selectivity depended on the nature of the support rather than on the 
reducibility of V2O5. They concluded that V2O5/ TiO2 were the most active catalyst and 
V2O5/ Al2O3 was the most selective. The variation of propylene selectivities with propane 
conversion on different catalysts is shown in Figure 2.6. It can be seen in Figure 2.6 that 
in the whole range of propane conversions measured (10–35%), the propylene selectivity 
with vanadium oxide supported on alumina is significantly higher than with the other 
tested catalysts. Based on the results obtained, it was conclude that propylene selectivity 
on supported vanadia catalysts varies and depends on the support nature and at the same 
conversion ; the selectivity decreases according to the scale: VAl2O3 > VTiO2 > VZrO2 > 
VMgO. 
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Figure 2.6:  Propylene selectivity as a function of propane conversion at 500 
o
C in the presence of vanadia 
supported catalysts. (Lemonidou et al. 2000) 
  
 In an extensive studies by Deo (Deo et al. 1992) and Haber (J. Haber et al. 1995) , 
supported V2O5 on TiO2 and Nb2O5 supports were investigated. The studies showed that 
the vanadium oxide dispersion on the surface of the support takes place due to the 
difference between the surface free energy of crystalline V2O5 and that of the support. 
Moreover, it was proven in the study that the V2O5 content required for monolayer 
coverage is around ~1 wt% per 10 m
2
/g of support. As well, it was also concluded that 
better vanadium oxide (VOx) dispersion on the support is achieved in an oxidizing 
atmosphere while the dispersion of the VOx is inhibited in the absence of oxygen. 
 Corma et al. (Corma et al. 1992) studied the catalytic properties of vanadium 
oxide catalysts supported on different supports for the ODH of propane. It was found that 
the most selective catalysts were those supported on basic metal oxide supports such as 
MgO, Bi2O3, La2O3 and Sm2O3. Acidic metal oxide support, such as SiO2, TiO2, or 
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A12O3 showed lower selectivity. It was concluded that the presence of basic sites 
enhances the fast desorption of the produced olefins from the catalytic surface, resulting 
in higher selectivities. Propylene yields obtained were between 8-20 mol.% and with the 
highest attained with MgO supported catalyst. For MgO-supported catalyst, it was 
proposed that the vanadium oxide phase provides the oxidizing properties needed while 
the magnesium oxide phase provided the base properties that suppressed the propylene 
oxidation.  
 The addition of additives (e.g. P, K, Ca, Ni, Cr, Nb, Mg, Au, Zn and Mo) in 
appropriate amounts with respect to vanadium has been reported to affect the acid-basic 
and redox properties of supported vanadium oxide catalysts and hence their performance 
in the performance in ODH reactions. In a study by (Lemonidou et al. 2000), the 
promotion of V2O5/Al2O3 catalyst with alkali metals (Li, Na, K) was investigated in the 
oxidative dehydrogenation of propane. The catalytic runs were conducted at 450 and 500 
o
C and the results, in terms of propane conversion and products selectivity are shown in 
Table 2.1. Moreover, the positive effect of the alkali addition in propylene selectivity is 
shown in Figure 2.7 where the propylene selectivity is plotted against conversion at 500 
o
C. It was shown in this study that over the whole range of conversions, an increase in 
propylene selectivity is attained. However, no remarkable difference in selectivity was 
shown among the different alkali metal-doped catalysts. This selectivity improvement 
was attributed to the blockage of unselective strong acid sites that favor the formation of 
COx and/or by facilitating the quick desorption of propylene from the surface thus 
preventing its secondary reactions.  Moreover, it was shown in the study that the addition 
of alkali metals (Li, Na and K) to V2O5/Al2O3 catalyst hinders its reducibility thus 
decreasing its catalytic activity. The extent of this effect was found to depend on the 
37 
 
 
 
nature of the promoting alkali and is more pronounced in alkali metals with higher ionic 
radius. However, the promoting effect of the alkali metals in propylene selectivity was 
confirmed significant irrespective of the alkali used. 
 
Table 2.1: Propane conversion and product selectivity in the presence of 
alkali -promoted V2O5/Al2O3 catalysts. (Lemonidou et al. 2000) 
Catalysts Temperature Conversion Selectivity 
(
o
C) C3H8 (%) C3H6 (%) COx (%) 
VAl2O3 452 13.7 49.7 50.3 
500 30.8 28.8 71.2 
     
LiVAl2O3 452 7.5 73.7 26.3 
500 23.9 49.6 50.4 
     
NaVAl2O3 452 6.2 77.3 22.7 
500 20.2 50.7 49.3 
     
KVAl2O3 452 5.7 80.2 19.8 
500 16.9 57.2 42.8 
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Figure 2.7: Propylene Selectivity as a function of Propane Conversion at 500 
o
C in the presence of Alkali-
promoted V2O5/Al2O3 catalysts. (Lemonidou et al. 2000) 
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 Grzybowska and coworkers (Grzybowska et al. 2004; Grzybowska, Klisinska, 
Loridant, et al. 2006; Grzybowska, Klisinska, Samson, et al. 2006) investigated the effect 
of additives (K, P, Ni, Cr, Nb and Mo) on V2O5/ SiO2 and V2O5/ MgO catalysts. They 
observed that the catalytic properties of oxide catalysts improved by the introduction of 
additives. It was found that the additives did not affect the catalysts structure, but had an 
influence on their acid-base properties by increasing the number of acidic sites. 
 In addition to the vanadium oxide-based catalytic systems discussed in this section 
(i.e. VOx supported on Al2O3, SiO2, TiO2, and MgO), several studies are reported in the 
literature targeting the development of new propane ODH catalysts with 
tailored/improved catalytic properties. This includes but not limited to the use of 
vanadium-containing mesoporous materials (MCM-48, MCM-41, APO-5 and SBA-15) 
and vanadium-containing mixed oxide catalysts (V-Mo, V-Mg, V-Mo-Nb, and Sr-V-Mo) 
systems.  Moreover, propane ODH catalysts developments have attempted new active 
metals other than vanadium such as molybdenum (Mo) and Chromium (Cr). However, 
due to the focus of the current contribution on vanadium oxide-based catalysts, in-depth 
investigation of those classes of catalytic materials is still incomplete. On the other hand, 
their best performance along with other vanadium-based catalysts in propane ODh 
reaction is given in Table 2.2.  Moreover, Figure 2.8 compares the performance of several 
catalysts for propane ODH. For each catalyst, the best propane yield is given, obtained in 
correspondence to a set value of conversion and selectivities.   
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Table 2.2: A comparison of the performance of some catalysts for propane ODH to propylene 
No. Catalyst T (
o
C) C3H8 Conversion   
(%) 
Selectivity (%) C3H8 Yield 
(%) 
References 
C3H6 CO2 CO 
1 4%V/Al2O3 500 20.3 39.8 COx = 60.2 8.1 (Lemonidou et al. 2000) 
2 2.7%V/Al2O3 500 29.6 46.7 COx = 53.3 13.8 (Sham et al. 2004) 
3 4.6%VOx/Al2O3 450 16.0 45.2 13.5 41.3 7.2 (Kondratenko and Baerns 2001) 
4 1.4%V/Al2O3 450 8.3 56.0 - - 4.7 (Schwarz et al. 2008) 
5 V/Al2O3 450 26.0 70.0 12.8 11.2 18.2 (Al-Zahrani et al. 2000) 
6 14.wt% V/Al2O3 500 22.5 17.0 - - 3.8 (Heracleous et al. 2005) 
7 16%V-3%K/ Al2O3 470 23 47.8 4.0 7.0 11.0 (Cortez et al. 2003) 
8 3.87%V/TiO2 500 30.4 22.8 COx = 77.0 6.9 (Lemonidou et al. 2000) 
9 28.4%V2O5/K-SiO2 500 10 64.0 - - 6.4 (Grzybowska et al. 2004) 
10 5%V-1.9%Mg/TiO2 500 28.0 44.0 - - 12.3 (Machli and Lemonidou 2005) 
11 5%V-2.1%ZnO/ Al2O3 350 8.8 40.6 27.8 27.7 3.6 (Mattos et al. 2002) 
12 6%V2O5/CeO2 370 11.4 36.8 - - 4.2 (Daniell et al. 2002) 
13 2.5% V/CeO2 450 4.2 89 - - 3.7 (Taylor et al. 2009) 
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No. Catalyst T (
o
C) C3H8 Conversion   
(%) 
Selectivity (%) C3H8 Yield 
(%) 
References 
C3H6 CO2 CO 
14 5%V/SbO-Al2O3 500 25.4 42.6 17.3 28.5 10.8 (Stelzer et al. 2005) 
15 10%V-Nb-O 400 3.0 67.6 - - 2.1 (Zhao et al. 2003) 
16 8%V/Nb2O5 400 5.5 65.0 - - 3.6 (Zhao et al. 2003 
17 4.5:1 Nb/V 550 19.4 47.4 - - 9.2 (Sarzi-Amadè et al. 2005) 
18 0.5:2:4  Sr:V:Mo/ Al2O3 500 33.0 53.1 COx = 24.8 17.5 (Al-Zahrani et al. 2012) 
19 Dy-Mg-Al-O 550 11.0 46.0 COx = 7.5 5.1 (Mitran et al. 2009) 
20 0.52%Fe/ CaHAp 550 17.5 35.4 COx = 51.4 6.2 (Khachani et al. 2010) 
21 3.7%Cr/ CaHAp 550 20.0 35.0 - - 7.0 (Boucetta et al. 2009) 
22 3.7%Cr/ CaHAp 450 16.5 54.2 16.6 29.13 8.9 (Sugiyama et al. 2006) 
23 5%VOx/ SrHAp 450 13.0 60.7 22.6 16.7 7.9 (Sugiyama et al. 2008) 
24 (Ce/Ni=0.5) CeNi2O 275 12.1 82.7 17.3 - 10.6 (Liu et al. 2009) 
25 5%Cr2O3-kieshelgur 550 46.9 33.6 2.0 11.0 15.7 (Jibril et al. 2006) 
26 Mg/Dy/Li/Cl/O 650 59.8 39.8 COx = 14.7 23.8 (Leveles et al. 2002) 
27 (Cl/Mo = 2.0) MoO3(Cl)-
SiO2/TiO2 
550 57.2 45.0 - - 25.7 (C. Liu et al. 2006) 
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No. Catalyst T (
o
C) C3H8 Conversion   
(%) 
Selectivity (%) C3H8 Yield 
(%) 
References 
C3H6 CO2 CO 
28 Mn/P/O 550 41.0 38.5 2.0 6.0 15.8 (Jibril 2005a) 
29 Mo/Mg/Al/O (from HT) 600 27.0 80.7 - - 21.8 (Mitchell and Wass 2002) 
30 10%MoO3/K-SiO2-TiO2 550 48 62.5 18.7 12.5 30.0 (Watson and Ozkan 2000) 
31 10% Cr2O3/Al2O3 500 30.0 60.0 14.0 6.0 18.0 (Al-Zahrani et al. 2003) 
32 Ni/Mo/O 560 26.6 60.4 - - 17.0 (Stern and Grasselli 1997) 
33 Na2WO4/SiO2 550 45.0 39.0 - 6.0 17.5 (Jibril 2005b) 
34 7V/MCM 
 
550 16.5 45.5 14.9 33.8 7.5 (Solsona et al. 2001) 
35 1:1:5 Nb-V-Si 550 37.5 51.0 - - 19.1 (Moggi et al. 2003) 
36 4V-HMS-2 600 40.0 47.0 - - 18.8 (Karakoulia et al. 2009) 
37 4.2V-MCF 550 40.8 68.5 COx = 21.1 27.9 (Y. Liu et al. 2006) 
38 4.5V-SBA-15(H2O2) 600 44.2 57.2 3.3 15.6 25.3 (Xu et al. 2009) 
39 2.8 V-SBA-15 600 41.7 57.0 COx = 9.4 23.8 (Liu et al. 2004) 
40 1.8 V-SBA-15 600 48.4 41.8 3.9 27.0 20.3 (Ying et al. 2007) 
41 2.8%V/MCM-48 500 32.8 53.0 8.0 20.8 17.4 (Buyevskaya et al. 2001) 
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Figure 2.8: Selectivity to propylene as a function of propane conversion for different catalyst systems. 
(Numbers in the figure correspond to the numbers given in the first column of Table 2.2) 
 
 Results for propane ODH catalysts show that there is still a controversy regarding 
the active and the selective sites of the ODH catalyst. In this respect, the mechanism of 
ODH reaction is yet to be understood especially with the little knowledge known about 
the active phases. Even the catalytic systems that exhibit good performance for ODH of 
propane, they only perform at moderate to low paraffins conversions. Thus, to better 
understand the active phases and the involved reaction mechanisms, a structure-activity 
relationship needs to be determined. With this goal, new catalytic systems need to be 
developed and established. This will allow such catalysts to be studied and used under 
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conditions relevant for industrial scale operation. As well and on this basis, progress 
could be achieved towards the understanding of mechanistic steps in ODH.  
2.7 Kinetics and Reaction Mechanisms of Propane ODH over 
Vanadium-Based Catalysts 
The technical literature reports different catalysts for propane ODH. These 
catalysts display dissimilar reaction mechanisms and have a different share of the 
homogenous or heterogeneous reaction pathways. In the first class (Alkali and Alkali 
earth metal oxides) and third class (Nobel metals) of catalysts, catalysts operate at high 
temperatures (usually > 600°C). These catalysts generate ethyl radicals with the 
selectivity for propylene being determined by the consecutive reactions occurring mainly 
in the gas phase (homogenous reactions).  However, for the second class of catalysts 
(transition metal oxides), catalysts are active at lower temperatures, and the reactions 
occur almost entirely over the catalyst surface (heterogeneous reactions).  
 (Baerns and Buyevskaya 1998) identified three main types of mechanisms which 
have been proposed in literature for the initial activation of the free radicals in alkanes 
ODH reactions over metal oxides. These mechanisms are based on the type of oxygen 
species involved in alkane activation. These steps are described in Figure 2.9. 
 In the case of the (A) mechanism in Figure 2.9, (referred to as Mars-van-
Krevelen-redox mechanism), oxygen of the metal oxide takes part in the reaction by 
abstracting the hydrogen from the alkane. The OH groups formed are then removed from 
the surface by dehydration. Thus, in the formation of propylene and total oxidation 
products, the catalyst surface is reduced. The catalyst is subsequently re-oxidized by gas-
phase oxygen. This type of mechanism is the one proposed for ODH reactions on 
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transition metal oxide catalysts (i.e. vanadium oxides, molybdenum oxides, and 
chromium Oxide).  
 
 
Figure 2.9: Primary Reaction Steps of the Oxidative Dehydrogenation of Alkanes on Metal Oxides. 
(Baerns and Buyevskaya 1998) 
 
 In the case of mechanism (B), oxygen participates in the reaction via its adsorbed 
state. Hydrogen is abstracted forming OH groups on the catalytic surface. These species 
are removed by dehydration. The active surface oxygen is then restored by oxygen 
adsorption from the gas phase. This type of mechanism is thought to be the dominant for 
alkane activation on rear-earth metal oxides catalysts. Although this type of alkane 
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activation was proposed for methane oxidative coupling and ethane ODH, less attention 
has been paid in the literature on propane ODH on this class of catalysts.   
 In the case of mechanism (C) strongly bounded lattice oxygen abstracts hydrogen 
which is then removed via oxidation with gas phase oxygen. An example of these non-
reducible catalysts for propane ODH are boron oxide (BeO)-containing materials. In these 
cases propane activation proceeds via the formation of propylene radicals with the 
participation of strongly bound lattice oxygen and further reactions occur in the gas 
phase.  
 As the current contribution investigates propane ODH over transition metal 
(Vanadium)-based catalysts, the reaction mechanism as described in case (A) above, will 
be discussed in detail in the upcoming sections. 
2.7.1 The Red-ox Mechanism and Reaction Network 
 There has been a major effort in the scientific community to study propane ODH 
reaction. The goal has been the understanding of the selective pathways for propylene 
production. Most of these studies dealt with vanadium oxide-based catalysts (Albonetti et 
al. 1996; Al-Zahrani et al. 2012; Balcaen et al. 2009; Bell et al. 1999, 2002a; Centi et al. 
2001; Chen, Iglesia, et al. 2000, 2001; Creaser et al. 1999a; Fakeeha et al. 2006; 
Grabowski and Sloczynski 2005; Grabowski et al. 2002; Solsona et al. 2001).  However, 
the proposed mechanisms by different authors for propane ODH reactions differ from 
each other in some details depending on the type of catalyst and alkane used. However,  it 
has been shown in all these studies that propane ODH involves a network of consecutive 
and parallel reactions; namely: a) the ODH of propane, b) the undesired combustion of 
propane feed and c) the secondary combustion of propylene product.  
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These latter two reactions can limit the propylene selectivity and propylene yield 
during propane ODH. Furthermore, it is generally agreed that as propane conversion 
increases, selectivity towards the desired propylene decreases. Thus, a significant fraction 
of the propane or/and propylene is unselectively converted into carbon oxides. Thus, the 
major challenge of alkane oxidative dehydrogenation is controlling the selectivity of the 
reaction as the alkenes formed during ODH tend to be combusted in the secondary 
reaction. 
 Mars van Krevelen mechanism (known as red-ox mechanism) has been proposed 
in those studies as the dominant reaction mechanism for catalytic alkanes ODH reactions 
on transition metal oxide based catalysts. It involves the reduction of the catalyst by 
adsorbed alkanes from gas phase with participation of the lattice oxygen and forming 
olefins through several possible intermediate species. Gas phase molecular oxygen can 
then re-oxidizing the reduced catalyst surface. General schematic of Mars van Krevelen 
mechanism for propane ODH is given in Figure 2.10. 
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Figure 2.10: The Mar-van Krevelen red-ox mechanism 
  
 The mechanism shown in Figure 2.10 is composed of five steps as shown below 
with VO
*
 representing lattice oxygen and V
*
 is a surface oxygen vacancy: 
i) Propane adsorption on the catalyst surface with bond formation with a lattice 
oxygen (O
*
): 
             C3H8 + O
*
 = C3H8O
*
                                                                                     (2.3) 
ii) Propane H-abstraction by lattice oxygen (C-H bond breaking) and formation the 
alkyl species: 
                C3H8O
*
 + O
*
 = C3H7O
*
 + OHads
* 
                                                              (2.4) 
iii) Formation of propylene via reaction of the alkyl species with an adjacent surface 
oxygen (β-elimination) : 
                  C3H7O
*
 = C3H6 + OHads
*
 + V
*
red                                                                                             (2.5) 
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iv) Formation of water and a reduced metallic center: 
                  OHads
*
 + OHads
*
 = H2O + O
*
 + V
*
red                                                         (2.6) 
v) Re-oxidation of the reduced metallic center by molecular oxygen: 
                   O2+ 2 V
*
red = O
*
 + O
*                                                                                                                    
(2.7) 
 
 Several studies have been devoted to investigate propane ODH reaction and the 
contribution of lattice oxygen in the activation of the propane. In a study by Chen et al.  
(Chen et al. 1999; Chen, Iglesia, et al. 2000), the isotope tracing method called Steady 
State Transient Isotopic Kinetic Analysis (SSITKA) was employed to determine the 
reaction mechanism of propane oxidative dehydrogenation on vanadium oxide-based 
catalysts. In such SSITKA analysis, the ODH reaction is run and allowed to reach steady 
state; and then the isotopic composition of the reactants is abruptly switched to its 
isotopic tracer. In their study, 16
2O  in the feed was replaced by isotopic
18
2O , while 
propane (CH3CH2CH3) was replaced by perdeuterated propane (CD3CD2CD3) and 
partially perdeuterated propane (CH3CD2CH3). Based on the evolution of products 
containing isotopic O
18
 and D atoms, information about the reaction mechanism and 
could be obtained. The absence of feed isotopic 
18O atoms in all oxygen-containing 
products, confirmed that lattice oxygen were required for the activation of C–H bonds. It 
was concluded in their study that propane ODH reactions proceeds via a Mars-van 
Krevelen redox mechanism involving two lattice oxygen and irreversible C-H bond 
activation steps.  
 Moreover, the involvement of lattice oxygen via Mars-van Krevelen redox 
mechanism in the activation of alkane in ODH reaction has been supported by several 
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observations in the technical literature where the ODH reaction of propane was conducted 
in the absence of gas phase oxygen. In a study by Fukudome et al. (Fukudome et al. 
2011b), propane ODH was investigated using lattice oxygen of VOx/SiO2 catalysts. 
Experiments were carried out in the absence of molecular oxygen in fix-bed flow reactor 
at 450 
o
C under atmospheric pressure. High propylene selectivity of 88.3% at propane 
conversion of 26.5% was obtained. Also, the selectivity for propane ODH was found to 
increase for dehydrogenation products as the degree of reduction of the catalyst increased.  
In a similar study, Al-Ghamdi et al. (Al-Ghamdi, Hossain, et al. 2013; Al-Ghamdi, 
Volpe, M.M. Hossain, and de Lasa 2013) investigated ethane ODH runs in a fluidized bed 
CREC Riser Simulator under oxygen-free conductions. Promising ethane conversions 
(6.47% - 27.64%) and ethylene selectivity (57.62-84.51 %) were obtained on VOx/Al2O3 
catalyst at temperature range 550-600 
o
C. It was concluded that in the absence of 
molecular oxygen, ethane could be converted selectively to ethylene via lattice oxygen 
participation.  
 Creaser et al. (Creaser et al. 1999a) considered oxidative dehydrogenation of 
propane on V-Mg-O catalyst using various transient techniques. Results suggested a red-
ox mechanism and that only lattice oxygen participates in propylene formation. Adsorbed 
oxygen was also found to be a major source of poor selectivity although lattice oxygen 
also causes total oxidation. Consequently, propylene selectivity in the absence of gas-
phase O2 was superior to co-feed, steady-state selectivity at the same propane conversion.  
 Based on the observed dependence between conversion and product selectivities 
for propane ODH in those studies, a generally accepted parallel-series reaction network 
in the literature for propane ODH is shown in Figure 2.11. In this reaction network, 
propane feed reacts with lattice oxygen promoting two parallel reactions. One of the 
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possible reaction paths is the formation of the desired propylene product via ODH, with a 
rate constant k1 (reaction-1). Alternatively, propane can be competitively converted 
forming combustion products (COx), with a rate constant k2 (reaction-2). Finally, the 
formed propylene may also follow a secondary reaction step leading to the formation of 
combustion products (COx), with rate constant k3 (reaction-3).  
 
C3H8 C3H6
COx
k
1
k
3k2
 
Figure 2.11: Propane ODH reaction network. 
 
 
2.7.2 Kinetic Models for Propane ODH 
There are only few papers in the literature exist in which kinetic models for propane 
ODH have been proposed (Al-Zahrani et al. 2012; Balcaen et al. 2009; Bell et al. 1999; 
Bond and Tahir 1991; Chen et al. 1999; Chen, Iglesia, et al. 2000; Creaser et al. 1999a; 
Dinse et al. 2008; Dinse, Khennache, et al. 2009; Fakeeha et al. 2006; Grabowski and 
Sloczynski 2005; Grabowski 2006b; Grabowski et al. 2002; Late and Blekkan 2002; 
Lemonidou et al. 2000; Leveles 2003a; Leveles et al. 2002; Ramos et al. 2001; You 
2005). Most of the research work on propane ODH has been focused either on developing 
new catalysts or improving the current ones with the purpose of obtaining attractive 
propylene yields.  
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 Nevertheless, most papers dedicated to the kinetics of this reaction have focused 
on catalysts containing vanadium (Al-Zahrani et al. 2012; Balcaen et al. 2009; Bottino et 
al. 2003; Creaser et al. 1999a; Dinse et al. 2008; Dinse, Khennache, et al. 2009; Fakeeha 
et al. 2006; Late and Blekkan 2002; Ramos et al. 2001; Routray et al. 2004a). Other 
catalysts such as nickel molybdates oxides, mixed oxides, and spinals have received less 
attention. In all the above mentioned studies on propane ODH kinetics, four kinetic 
models were considered. They are shown below and heir general rate equations are given 
in Table 2.3 below  
A) Langmuir-Hinshelwood (LH) model: Propane and oxygen are adsorbed on the 
catalyst surface where they react to give propylene  
B) Eley-Rideal (ER) model: Oxygen from the gas phase reacts with the propane 
adsorbed on the catalyst surface. 
C) Mars-van Krevelen (MvK) model: Propane is adsorbed on the catalyst surface 
and oxygen re-oxidizes the reduced catalytic site which in turn reacts with the 
adsorbed propane to produce propylene. 
D) Power Law model: Correlates the rate of the reaction with the partial 
pressures of the reactants. 
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Table 2.3: Different rate laws reported for propane ODH over different vanadium oxide catalysts. 
Kinetic Model General Rate Equation Refrence 
Mars-van Krevelen Model 
(involving lattice Oxygen) 2
8H3Cred
n
2Oox
8H3C
n
2Oredox
)pkpk(
pp k k
r

  
(Chen et al. 1999; Creaser 
and Andersson 1996a; 
Fakeeha et al. 2006; 
Khodakov et al. 1998; Late 
and Blekkan 2002; Ramos et 
al. 2001; Routray et al. 
2004b) 
Eley-Rideal (ER) Model 
( reaction between adsorbed 
O2 and gas phase or weakly 
adsorbed C3H8) 
n
2O
n
2O
8H3C
n
2O
n
2O
pK1
ppKk 
r

  
(Creaser and Andersson 
1996b; Creaser et al. 1999a; 
Grabowski et al. 2002; 
Ramos et al. 2001) 
Langmuir-Hinshelwood Model 
(uniform surface with one type 
of active site) 
 
2
8H3C8H3C
n
2O
n
2O
8H3C
n
2O8H3C
n
2O
)pKpK1(
ppKKk 
r


 
(Fakeeha et al. 2006; 
Grabowski 2004a; Ramos et 
al. 2001) 
Power Law Model m
8H3C
n
2O
pkpr   (Dinse, Khennache, et al. 
2009; Grabowski 2004b; 
Late and Blekkan 2002) 
 r: is the reaction rate; k: the reaction rate constant; kox/ kred,: the rate constant of oxidation or reduction; n = 
1 or 0.5 for O2 molecular or dissociative adsorption; P: propane; Ko2, KC3H8, the adsorption coefficient of Ox 
or Propane; a: the stoichiometric coefficient. 
 
 In 2006, an extensive review was made by Grabowski et al. (Grabowski 2006a) on 
the available literature on the kinetics of the light alkanes oxidative dehydrogenation and 
emphasis was given on propane ODH over vanadium oxide-based catalysts. Brief 
discussion of some relevant studies for propane ODH kinetic modeling which have been 
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discussed in the review is given below along with some recent ones. The presented 
studies below are given with the goal of highlighting the effect of different factors on the 
kinetics of propane ODH, namely: effect of vanadium loading, effect of the type of 
support, the use of mixed oxide catalysts and effect of vanadium oxide surface coverage 
using monolayer catalysts. For each study, the proposed reaction steps and their 
corresponding rate expressions and kinetic model are given in Table 2.4. 
 In a study by Bottino et al. (Bottino et al. 2003) , the kinetic of propane ODH on a 
low loaded (1.12wt.%) V/γ-Al2O3 was investigated. Two approaches were applied in this 
study. In the first, power law expressions were used to describe the parallel-consecutive 
scheme of propane ODH reaction. Due to the high number of undetermined parameters in 
the power law model, a “cascade” approach was used to divide the reaction scheme into 
three sub-schemes and the kinetic constants and reaction orders were determined for each 
sub-scheme separately.  
 In the second approach, the experimental data were fitted with the rate equations 
obtained by assuming Mars-van Krevelen redox mechanism of propane ODH reaction. In 
this mechanism only ODH (formation of propylene) was considered. The reaction rate 
was obtained by assuming a very quick desorption of propylene and water and the 
assumption of the steady-state condition for propane adsorption and water desorption. 
Surface reaction and site reduction were taken as the rate-determining steps. The obtained 
equations were solved through nonlinear regression analysis. The final results showed 
that the above-described mechanism interprets well the experimental data of propane 
ODH on the 10% V2O5/Al2O3 catalyst. It was concluded that the proposed MK mechanism 
which considered propylene as the only primary product and carbon oxides as the 
secondary products was educate to represent the ODH reaction.  Moreover, reaction order 
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values for the power law model indicated that the overall kinetic rate is more influenced 
by the hydrocarbon (partial orders a, g, i) rather than the oxygen concentration (partial 
orders b, h, l).  
 The effect of the type of support on propane ODH kinetics was studied by Routray 
et al. (Routray et al. 2004a) by estimating the reaction kinetic parameters for the oxidative 
dehydrogenation of propane over 10%VOx/Al2O3 and 4%VOx/TiO2 catalysts. Both 
catalysts loading was selected at monolayer vanadium oxide surface coverage. A Mars–
van Krevelen (MVK) model containing eight parameters was chosen to estimate the 
kinetic parameters.  A reaction network was proposed where propylene was considered as 
the primary product and the carbon oxides as secondary products. The kinetic parameters 
for the 10% V2O5/Al2O3 and 4% V2O5/TiO2 catalysts are presented along with the proposed 
reaction steps and rate equations are shown in Table 2.4.  From the values of the 
estimated parameters, it was concluded that for both types of supports, the activation 
energy of propane ODH (E1) and re-oxidation (E4) are similar, suggesting similar 
catalytic redox cycles which is independent of the oxide support. However, the rate at 
which the catalytic cycle occurred is strongly dependent on the specific oxide support 
used and was higher on a more reducible TiO2 supported VOx compared to the rate on the 
less reducible Al2O3 support VOx. Thus the support had a significant effect on reducibility 
of the vanadium oxide phase and hence on the reaction rate constants. It was suggested 
that the V–O-support bond is responsible for the difference in reducibility and, 
consequently, the intrinsic activity of the surface vanadium oxide site.  
 In a similar study, Dinse et al. (Dinse et al. 2008) investigated the influence of the 
support material of low-loaded (< 2V/nm
−2
) vanadia catalysts on selectivities, activation 
energies and turn over frequencies in the oxidative dehydrogenation of propane and the 
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combustion of propylene. Catalysts of vanadium oxide supported on CeO2, TiO2, Al2O3, 
ZrO2 and SiO2 were used. A Mars-van Krevelen (MvK) model was also used to describe 
the kinetics of propane ODH. The kinetic parameters results along with the proposed 
reaction steps and rate equations are shown in Table 2.4. It was concluded based on the 
kinetic results that selectivities towards propylene as well as activation energies strongly 
depend on the support material. Furthermore, it was found that the selectivity-conversion 
approached selectivities of about 100% at low conversions for all catalysts supports 
except zirconia. So, this finding led the authors to the hypothesis that the consecutive 
reaction of propane is the main factor that determines selectivity. Based on that, a 
simplified reaction network containing only consecutive propylene combustion was 
proposed and was found to be appropriate. In contrast, zirconia supported catalysts 
showed poor selectivity even at very low conversions and this was explained by parallel 
combustion of propane. Another conclusion was reached when comparing the obtained 
activation energy with the support type. This was expressed in terms of support 
electronegativity (EN).  The activation energies of propane ODH reaction (E1) were 
found to increase with support electronegativity, whereas activation energies of the 
consecutive propylene combustion are practically independent of support 
electronegativity and were at around 100 kJ/mol except for V/TiO2 catalyst. The 
difference between activation energies of propane dehydrogenation and propylene 
combustion is quite large in the case of V/TiO2 catalyst. So, this dependence of activation 
energies on EN for the ODH reaction indicates a strong correlation of the catalytic 
reaction with physical properties of the support materials.  
 Reaction kinetics of propane ODH on mixed oxide catalyst was analyzed by 
Ramos et al. (Ramos et al. 2001)  with a 24wt.% V-Mg-O catalyst at temperature range 
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between  450- 550 K. Both propane and propylene oxidation kinetics were measured 
independently to quantify the rates of the parallel and consecutive reactions to propylene 
and carbon oxides. Kinetic data generated have been used to estimate the kinetic 
parameters and it was found that selectivity decreased as the oxygen partial pressure 
increased. However, propylene yield was relatively insensitive to oxygen concentration. 
Mars-van Krevelen model was used to predict the kinetic parameters and some variations 
of the main model were explored as follows: 
- MK1: a single active site for propane, propylene and oxygen, 
- MK2: a single active sites with three oxidation states (reduced, oxidized and 
super-oxidized) 
- MK3: two active sites, one specific to dehydrogenation and the other specific for 
carbon oxide formation  
- MK4: selective site may also react with propylene to produce carbon oxides 
 
The dual site Mars-van Krevelen model (MK4) with two active sites both of which 
can oxidize propylene to carbon oxides but only one of the sites reacts propane selectively 
to propylene was found to fit the reaction kinetics well. The elementary reactions 
considered in the final model (MK4) with the rate equations are summarized in Tables 
2.4. 
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Table 2.4: Summary of propane ODH Kinetics on supported vanadia catalysts. 
No. Reference Catalyst Reaction Network Rate Equation (Kinetic Model) Activation 
Energy 
(kJ /mol) 
1 (Bottino et 
al. 2003) 
1.12% VOx/γ-Al2O3 Power model: 
C3H8 + ½ O2  
1k C3H6 + H2O 
C3H8 + 3.5 O2 
2k 3CO + 4H2O 
C3H8 + 5O2 
3k
3CO2 + 4H2O 
C3H6 + 3O2 
4k 3CO + 3H2O 
C3H6 + 4.5 O2 
5k
 3CO2 + 3H2O 
CO + ½ O2 
6k
 CO2 
 
 
Mars-van Krevelen model: 
C3H8 + σox 
1K
C3H8(a)∗σox 
C3H8(a)∗σox+ σred 
2k  C3H6∗σred 
+H2O∗σred 
C3H6 ∗σred  
3K
 C3H6 + σred 
H2O ∗σred  
4K  H2O + σred 
σred + 0.5O2  
5K  σox 
 
where (σox) and (σred) are oxidized and 
reduced sites, respectively 
Power model:  
 
−r C3H8 = k1[C3H8]
a
[O2]
b
 + k2[C3H8]
c
[O2]
d
 + k3[C3H8]
e
[O2]
f
  
r C3H6 = k1[C3H8]
a
[O2]
b
 − k4[C3H6]
g
[O2]
h
 − k5[C3H6]
i
[O2]
l
 
r CO = 3k2[C3H8]
c
[O2]
d
 + 3k4[C3H6]
g
[O2]
h
 − k6[CO]
m
[O2]
n
 
r CO2 = 3k3[C3H8]
e
[O2]
f
 + 3k5[C3H6]
i
[O2]
l
 + k6[CO]
m
[O2]
n 
 
 
 
Mars-van Krevelen model: 
 
)]][[(][1
]][[
5.0
28341
5.0
24
5.0
283
83
OHCKKOK
OHCK
r totHC

  
 
where: Ktot =k2K1K4 124 
E1 = 87 ± 41 
E4 = 84 ± 42 
E5 = 34 ± 12 
E6 = 119 ± 58 
 
 
 
 
 
 
 
 
 
 
 
2 (Routray et 
al. 2004a) 
10% VOx/γ-Al2O3 
(monolayer catalysts) 
 
4% VOx/TiO2 
(near monolayer catalyst) 
Mars-van Krevelen model: 
 
C3H8 (g) +O(s)  1
k
C3H6 (g) +H2O(g)+ 
red
*
 
 
Mars-van Krevelen model: 
 
r 1 = k1 PC3H8 (1 − β)  
r 2= k2PC3H6 (1 − β) 
r 3 = k3PC3H6 (1 − β) 
10% VOx/γ-Al2O3 
E1 = 81 ± 6 
E2 = 34 ± 9 
E3 = 52 ± 18 
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No. Reference Catalyst Reaction Network Rate Equation (Kinetic Model) Activation 
Energy 
(kJ /mol) 
C3H6 (g) +6O(s)  2
k
 3CO (g)+3H2O(g)+   
6red
*
 
C3H6 (g) +9O(s)  3
k
 3CO2 (g)+4H2O(g) 
+   9red
*
 
O2 +   2red
*
 4
k
 2O (s) 
 
Where red
*
 is a reduced site and O(s) is a 
lattice oxygen. 
 
r 4 = k4PO2β 
Assuming that the rate of oxygen consumed in the 
reactions r1, r2 and r3 is equal to the rate of oxygen 
replacement by the reaction r4, β can be expressed as 
 
24633632831
633632831
5.435.0
5.435.0
OHCHCHC
HCHCHC
pkPkPkPk
PkPkPk



 
E4 = 115 ± 4 
4% VOx/TiO2 
E1 = 54 ± 10 
E2 = 23 ± 5 
E3 = 26 ± 6 
E4 = 129 ± 1 
 
3 (Dinse et al. 
2008) 
2.1%VOx/Al2O3  
1.5%VOx/TiO2  
1.6%VOx/ZrO2  
0.6%VOx/SiO2  
1.4%VOx/CeO2  
 
Mars-van Krevelen model: 
C3H8 (g) +O(s) 
1
k
C3H6 (g) +H2O(g) + 
red
*
 
C3H6 (g) +9O(s)  2
k
 3CO2(g) + 4H2O(g) 
+ 9red
*
 
O2 +   2red
*  3
k
 2O (s) 
 
Where red
*
 is a reduced site and O(s) is a 
lattice oxygen 
Mars-van Krevelen model: 
 
r 1 = k1 PC3H8 (1 − β)  
r 2= k2PC3H6 (1 − β) 
r 3 = k3PO2β 
 
Assuming that the rate of oxygen consumed in the 
reactions r1, r2 and r3 is equal to the rate of oxygen 
replacement by the reaction r4, β can be expressed as 
 
2O46H3C28H3C1
6H3C28H3C1
pkPk3Pk5.0
Pk3Pk5.0



 
2.1% VOx/Al2O3 
E1 = 113 ± 6 
E2 = 87 ± 5 
 
1.5%VOx/TiO2 
E1 = 56 ± 5 
E2 = 147 ± 7 
 
1.6%VOx/ZrO2  
E1 = 78 ± 6 
E2 = 100 ± 6 
 
0.6%VOx/SiO2  
E1 = 146 ± 6 
E2 = 95 ± 5 
 
1.4%VOx/CeO2  
E1 = 68 ± 6 
E2 = 101 ± 6 
 
4 (Ramos et 
al. 2001) 
2 4 % V / M g O Dual sites Mars-van Krevelen model: 
Propane Oxidation 
C3H8 + Zo → C3H6 + H2O + Z  
Dual sites Mars-van Krevelen model: E1 = 113.9  
E2 = 72.0 
E3 = 42.1 
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No. Reference Catalyst Reaction Network Rate Equation (Kinetic Model) Activation 
Energy 
(kJ /mol) 
C3H8 + 3.5 Xo → 3CO +4H2O + 3.5 X 
C3H8 + 5Xo → 3CO2 + 3H2O + 5X 
 
Propylene Oxidation 
C3H6 + 6Zo → 3CO + 3H2O + 6Z  
C3H6 + 9Zo → 3CO2 + 3H2O + 9Z  
C3H6 + 3 Xo → 3CO +3H2O + 3 X 
C3H6 + 4.5 Xo → 3CO2 +3H2O + 4.5 X 
 
Catalyst Re-oxidation 
Z+0.5O2→ Zo 
X+0.5O2→ Xo 
 
 
Zo: oxidized active site-1 
Z: reduced active site-1 
Xo: oxidized active site-2 
X: reduced active site-2 
O2Hw
i,0
i
pK1
r
r

  
 
r0,1 = o8H

3C1
pk  
r0,2 = o8H

3C2
pk  
r0,3= o8H

3C3
pk  
r0,4 = o6H

3C4
pk  
r0,5 = o6H

3C5
pk  
r0,6= o6H 3C6 pk  
r0,7= o6H

3C7
pk  
r0,8 = 
m
2O8
pk  
r0,9= 
n
2O9
pk  
 
λ: fractions of reduced active site-1 
θ: fractions of reduced active site-2  
λo: fractions of oxidized active site-1 
 
E4 = 100.9 
E5 = 92.4 
E6 = 282.7  
E7 = 27.5 
E8 = 272.4 
E9 = 63.5 
 
5 (Rao and 
Deo 2007) 
7.5-17.5%V/Al2O3 Mars-van Krevelen model: 
C3H8 (g) +O(s)  1
k
C3H6 (g) +H2O(g)+              
red
*
 
C3H6 (g) +6O(s)  2
k
 3CO (g)+3H2O(g)+   
6red
*
 
C3H6 (g) +9O(s)  3
k
 3CO2 (g)+4H2O(g) 
+   9red
*
 
Mars-van Krevelen model: 
 
r 1 = k1 PC3H8 (1 − β)  
r 2= k2PC3H6 (1 − β) 
r 3 = k3PC3H6 (1 − β) 
r 4 = k4PO2β 
Assuming that the rate of oxygen consumed in the 
reactions r1, r2 and r3 is equal to the rate of oxygen 
7.5% V/γ-Al2O3  
E1 = 100 ± 1 
E2 = 50 ± 4 
E3 = 46 ± 1 
E4 = 130 ± 2 
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No. Reference Catalyst Reaction Network Rate Equation (Kinetic Model) Activation 
Energy 
(kJ /mol) 
O2 +   2red
*
 4
k
 2O (s) 
 
Where red
*
 is a reduced site and O(s) is a 
lattice oxygen 
replacement by the reaction r4, β can be expressed as 
 
24633632831
633632831
5.435.0
5.435.0
OHCHCHC
HCHCHC
pkPkPkPk
PkPkPk



 
10% V/γ-Al2O3 
E1 = 98 ± 1 
E2 = 55 ± 4 
E3 = 49 ± 2 
E4 = 93 ± 2 
12.5% V/γ-Al2O3 
E1 = 92 ± 1 
E2 = 83 ± 2 
E3 = 75 ± 2 
E4 = 107 ± 9 
15% V/γ-Al2O3 
E1 = 92 ± 1 
E2 = 88 ± 2 
E3 = 81 ± 1 
E4 = 156 ± 3 
17.5% V/γ-Al2O3 
E1 = 102 ± 2 
E2 = 97 ± 1 
E3 = 93 ±  
E4 = 91 ± 2 
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 The effect of surface vanadium oxide loading on the kinetic parameters associated 
with the propane oxidative dehydrogenation reaction  was studied by (Rao and Deo 2007) 
for several supported V2O5/Al2O3 catalysts with vanadium loading between 5-17.5 wt.%.  
A sequential Mars van Krevelen reaction model was proposed for the parameter 
estimation and was able to predict the observed outlet concentrations successfully, 
suggesting proper representation of the reaction over these catalysts. The analysis of the 
kinetic parameters revealed that the apparent pre-exponential factors for the propane 
oxidation, k1, and propylene oxidation reactions, k2 and k3, increase with vanadia loading. 
However, the activation energy for propane oxidation, E1, is relatively independent of 
vanadium oxide loading on Al2O3 and range from 92–102 kJ/mol. Furthermore, the 
activation energies for propylene oxidation or carbon oxides formation reactions, E2 and 
E3, were always less than E1 and they increase with loading for the V/Al2O3 catalysts. 
 As shown in the abovementioned discussions, different kinetic models have been 
used for the description of propane oxidative dehydrogenation kinetics. However, only a 
limited number of publications that concern a detailed propane ODH kinetics study are 
found. Most of these publications are lacking the connection between reactivity and 
active site structure.  Although the apparent activation energy was used to study the 
support and loading effect and compare the performance of different catalysts, there is 
still a lot of room for in-situ characterization studies from which an improved 
understanding of the processes occurring on the catalyst surface could be obtained; and 
this will lead to a better understanding of the reaction mechanism.  
Moreover, the substantially higher activation energy of propane ODH in 
comparison to the total oxidation of propylene results in increased propylene selectivity 
62 
 
 
 
with increasing temperature. This shows that the reaction should be performed at a 
temperature as high as possible, up to a temperature where unselective gas phase 
reactions are excluded. 
2.8 CONCLUSIONS 
On the basis of the information provided in this review chapter it can be concluded: 
a) World-wide research efforts exist for developing feasible alternative routes for 
propylene production avoiding the high energy requirements, coke problems and 
overcoming thermodynamic limitations associated with current thermal steam 
cracking and catalytic cracking processes.  
b) Propane Oxidative dehydrogenation (ODH) is a promising technology given it 
overcomes chemical equilibrium limitations coupling dehydrogenation and hydrogen 
oxidation. Furthermore, the presence of oxygen limits coking and extends therefore 
catalyst lifespan.  
c) Vanadium-based catalysts have been reported in the technical literature as active and 
selective catalysts for propane ODH. This is due to the vanadium ability to provide 
the lattice oxygen abstracting hydrogen from alkanes followed by re-oxidation of the 
reduced vanadium cations by gas phase molecular O2.  The catalytic properties of 
vanadia can be improved by depositing it on appropriate supports such as alumina, 
silica, titania, zirconia. 
d) The selectivity to propylene in propane ODH over vanadium oxide based catalysts 
can be controlled by the acid/base character of the catalyst, which can be modified by 
appropriate additives or by the nature of the support. The positive effect of alkali 
additives is mainly due to a poisoning effect catalyst activity by blocking the active 
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centers. The promoters may affect also the physicochemical properties of the 
catalysts by modifying (decreasing) both their activity and reducibility  
e) Propane ODH reaction has been described by a parallel-consecutive reaction 
network, in which both the selective reaction (formation of propylene) and 
consequent oxidation to carbon oxides and parallel direct formation of carbon oxides 
are taken into account. Kinetic investigations showed that COx is formed mainly by 
consecutive oxidation of alkene and to a lesser extent on parallel route by direct 
oxidation of alkane 
f) Mars van- Krevelen mechanism has been proposed as the likely dominant 
mechanism for catalytic reduction reactions on various metal oxides.  It involves 
reduction of the catalyst by the alkane with participation of the lattice oxygen, 
followed by re-oxidation of the reduced vanadium cations by gas phase molecular 
O2. For re-oxidation a shared role is attributed to the homogenous and heterogeneous 
reaction.  
g) Most of the publications on propane ODH kinetics do not provide a relation  between 
reactivity and active site structure. In this respect, in-situ characterization studies are 
required for an improved understanding of the processes occurring on the catalyst 
surface. Clarifications of these issues is essential for  better understanding of  
reaction mechanisms. 
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CHAPTER 3 
SCOPE OF RESEARCH 
 Given the various facts described in both the introduction and the literature review 
chapters, the goals of this PhD research is to provide an in-depth study on a new 
supported-vanadium ODH catalyst. This will include the reactivity of this ODH catalyst, 
its stability and its propane conversion kinetics. It is also the aim of this PhD dissertation 
to accomplish this investigation in a fluidized bed reactor (CREC Riser Simulator) under 
an oxygen-free atmosphere.   
 As a result, the specific proposed objectives for this PhD research are set as 
follows: 
1)  The preparation of  new VOx/γ-Al2O3 fluidizable catalysts with varying vanadium 
content (5-10 wt. % V) for propane ODH. The catalyst will be prepared with a 
close control of acidity and Bronsted sites.  
2) The characterization of the VOx/γ-Al2O3 catalyst samples with different surface 
characterization techniques. To this end, most advanced surface characterization 
techniques such as BET, H2-TPR, Laser Raman Spectroscopy, O2-Chemisortopn, 
XRD, FTIR and NH3-TPD will be used. 
3) The development of reaction runs to establish various VOx/γ-Al2O3 catalyst 
performances for propane ODH under fluidized bed reaction conditions in the 
CREC Riser Simulator reactor. The experimental runs will be developed to 
examine the effects of reaction temperature and reaction contact time on the ODH 
reactions.  
4) The study of the relationship between molecular structures of the different VOx/γ-
Al2O3 catalyst samples and their activity in propane ODH reactions.  It is 
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anticipated that valuable information will be obtained regarding the effect of 
vanadium loading on the evolution of different VOx surface species and their 
contribution towards the ODH reactions. 
5) The elucidation of mechanistic reaction steps involved in the catalytic oxidative 
dehydrogenation of propane to propylene using pure propane feedstock. It is 
expected that this approach will allow one to better understand the ODH reaction 
pathways leading to propylene under oxygen-free conditions. 
6) The development of a heterogeneous kinetic model that describes the product gas 
composition during catalytic ODH of propane. This kinetic model will account for 
the variations of the catalyst performance with the extent of catalyst reduction; 
allowing simulation of twin circulating fluidized bed reactors (reaction zone and a 
regeneration zone). 
7) The establishment of a statistically based estimation of intrinsic kinetic parameters 
(e.g. activation energies and pre-exponential factors) for the proposed kinetic 
models. This will be accomplished using non-linear regression analysis. 
 To accomplish this, the present PhD thesis document is organized in 
several chapters. Chapter 1 provides an overview about current technologies for 
light olefin production as well as some alternative routes. Chapter 2 reports a 
detailed literature review of experimental investigations carried out by researchers 
on catalytic ODH for propylene production. Various issues such as conversion, 
selectivity and catalysts used are examined. In addition, the proposed reaction 
mechanisms and kinetic models on different catalysts are reviewed. Moreover, the 
applicability of supported vanadium catalyst in propane ODH and its molecular 
structure are discussed. Chapter 3 outlines the research goals and objectives for 
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this research. Chapter 4 reports the experimental section of this thesis. This 
chapter provides details of γ-Al2O3-supported vanadium oxide catalysts 
preparation, characterization and the reactor used to determine catalyst activity. 
For each characterization technique, both the theory as well as the experimental 
procedure is described briefly. Chapter 5 reports the results of the chemical and 
physical characterization of the prepared catalyst. This is followed by a 
description of catalyst activity results obtained at various operating conditions of 
temperature and reaction time in the CREC Riser Simulator. Finally, kinetic 
analysis for the new ODH catalysts is reported in Chapter 6. Chapter 7 
summarizes the PhD dissertation conclusions and gives suggestions for further 
research.  
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CHAPTER 4 
EXPERIMENTAL METHODS AND APPARATUS 
4.1 Introduction 
 This chapter describes the experimental procedures and the methods involved in 
the preparation, the characterization and the evaluation of the Al2O3-supported vanadium 
oxide catalysts (VOx/γ-Al2O3) for propane oxidative dehydrogenation (ODH).  
 The first section of this chapter reports the procedures followed in the preparation 
of the Al2O3-supported vanadium oxide catalysts (VOx/γ- Al2O3) and the different 
methods used to characterize this catalyst samples. The theory and experimental 
procedures of various characterization techniques used are briefly described. Wherever 
possible, the current status about characterization technique applications for catalysts 
containing vanadium is also briefly reviewed. The second section of this chapter provides 
a detailed description for the CREC (Chemical Reactor Engineering Center) Riser 
Reactor Simulator Unit used for establishing the activity of the prepared catalyst samples 
under fluidized bed reactor conditions. 
4.2 Preparation Method of VOx/ γ-Al2O3 Catalysts 
 The VOx/γ-Al2O3 catalyst samples (20 g each) used in this investigation were 
prepared by the wet saturation-impregnation of a commercial porous γ-Al2O3 support 
(SASOL, Catalox
®
 SCCa 5/200), with an aqueous solution of NH4VO3 (Sigma Aldrich, 
99%) and oxalic acid (Sigma Aldrich, 99%) in a 1:2 weight ratio at a pH of ~2. This 
solution was prepared by mixing ammonium metavanadate (NH4VO3) with oxalic acid, 
heating and stirring the mixture until clear before impregnating the support. Vanadium 
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concentrations in the solution were varied in order to ensure the desired VOx 
concentration in the catalyst. The impregnation was performed at 70 
o
C with continuous 
stirring. The solvent was then evaporated under vacuum and the resulting cake was dried 
in air at 120 
o
C for 16 hrs. Finally, the particles were calcined under a GC quality air 
stream at 600 C for a 4 hrs. Once the catalyst samples were prepared, the bulk amount of 
vanadium in the catalyst samples were determined using Inductively Coupled Plasma 
(ICP). 
4.3 Characterization Methods of VOx/ γ-Al2O3 Catalyst: Theory and 
Experimental Procedure 
 Successful heterogeneous catalysts should possess high catalytic activity for the 
desired reaction and high selectivity for the desired product. Characterization of 
supported metal oxides catalyst is considered as an essential part of the process of catalyst 
development and catalytic performance testing. A significant amount of information can 
be obtained from the characterization step relating the physical and chemical properties, 
structure and composition of the metal oxide catalyst to its activity and selectivity. 
Important characteristics of supported metal oxide catalyst are surface area, actual metal 
loading, active metal dispersion, oxygen uptake, degree of reduction, metal oxide surface 
structures, and acidity. Therefore, it is of great importance to select a suitable 
characterization technique that can provide the desired properties of the metal oxide 
catalyst samples. In this study, the following characterization techniques were used for 
characterizing the supported metal oxide samples: (i) BET surface area, (ii) X-Ray 
diffraction, (iii) Temperature-programmed analysis and (iv) Oxygen Chemisorptions, (v) 
NH3-Temperature-programmed desorption, and (vi) Laser Raman Spectroscopy and (vii) 
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Pyridine FTIR. In the following sections, the theory and the experimental procedure of 
various characterization techniques used for the present study are briefly described.  
4.3.1 Surface Area Determination by BET Method 
 The most common method of measuring surface area of catalytic materials is that 
based on the theory developed by Brunauer, Emmett and Teller (BET) in 1938 
considering the multilayer adsorption. Adsorption isotherm data are transformed with the 
use of the following BET equation: 
                              P/V (P0-P) = 1/cVm + [(c-1)/cVm] (P/P0)                                           (4.1) 
where P is adsorption equilibrium pressure, P0 is saturation vapor pressure of the 
adsorbate at the experimental temperature, V is volume of gas adsorbed at pressure P, Vm 
is volume of adsorbate required for monolayer coverage and c, a constant that is related to 
the heat of adsorption and liquefaction.  
Regarding equation (4.1), a linear relationship between p/V (po/p) and p/po is 
required to obtain the quantity of nitrogen adsorbed. This linear portion of the adsorption 
isotherm is restricted to the 0.05 - 0.30 dimensionless pressure range. The monolayer 
volume, Vm is given by 1/(S+I), where S is the slope and is equal to (c-1)/cVm and I is the 
intercept and is equal to 1/cVm. The surface area of the catalyst (SBET) is related to Vm, by 
the equation (4.2): 
                                SBET = (Vm/22414) Na σ                               (4.2) 
where Na is Avogadro number and σ is mean cross sectional area covered by one 
adsorbate molecule. The σ value generally accepted for N2 is 0.162 nm2. 
 The specific surface area and pore size distribution of the bare γ-Al2O3 support 
and the VOx/γ-Al2O3 catalysts were determined in an ASAP 2010 Analyser manufactured 
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by Micromeritics using Nitrogen adsorption–desorption at 77K. Before each 
measurement, a 0.2-0.30 g catalyst sample was degassed at 250 
o
C for 2 h in order to 
ensure a clean and dry surface. The adsorption isotherms were measured in 10-6 to 1 
pressure ranges and the surface area and pore diameters were calculated using the method 
of Brunauer, Emmett and Teller (BET). 
4.3.2 X-Ray Diffraction (XRD) Analysis 
 In catalyst characterization, diffraction patterns are mainly used to identify the 
crystallographic structure of catalyst samples. One important limitation of XRD is that 
amorphous phases and small particles give either broad and weak diffraction lines or no 
diffraction at all which makes them virtually invisible for XRD 
 Powder X-Ray Diffraction (XRD) measurements were considered to identify the 
crystallographic structure of the prepared VOx/γ-Al2O3 catalyst. The XRD diffraction 
patterns of the catalyst samples and the support material were obtained using an Ultima 
IV  instrument from Rigaku Instruments with a monochromatic Cu Kα radiation source  
(wavelength = 0.15406 nm, 40 kV, 40 mA) and  a normal scan rate of 2 scan per minute 
within the 2θ range of 10-90 degrees with a step size of 0.02.  
4.3.3 Temperature-Programmed Analysis (TPR/TPD) 
 Temperature programmed analysis methods typically involve monitoring the 
surface or (bulk) processes between the solid catalyst and its gaseous environment via 
continuous analysis of the gas phase composition as the temperature is raised linearly in 
time. Hence, the effects of temperature on gas-solid reactions can be investigated. There 
are three major reactions commonly studied in these techniques: (i) Temperature 
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Programmed Reduction (TPR), (ii) Temperature Programmed Oxidation (TPO), and (iii) 
Temperature Programmed Desorption (TPD). For metal oxide catalyst samples, these 
analysis techniques are very valuable tools. They can in fact, help to establish catalyst 
surface and/or bulk reactivity changes in composition, promotion, preparation and pre-
treatment.  
 The temperature-programmed experiments for catalyst samples used in this study 
were conducted using a Micromeritics AutoChem II 2920 Analyzer at the Chemical 
Reactor Engineering Center (CREC), The University of Western Ontario. The detailed 
procedure of each experimental method is given below:  
4.3.3.1 Temperature Program med-Reduction (TPR) 
 Temperature programmed reduction (TPR) is used to determine the number of 
reducible species present in the catalyst and reveals the temperature at which the 
reduction occurs. An important aspect of TPR analyses is that the sample does not need to 
have any special characteristics other than containing reducible metals.  
 For each H2-TPR experiment, an amount of 100-150 mg of catalyst sample was 
first pretreated for 2 hrs at 250 
o
C in a 5% O2/He gas mixture at a flow rate of 50 ml/min. 
This was followed by cooling down the sample to ambient temperature in using the same 
flow rate. Then, the pre-treated sample was flushed with Argon (99.99%) at a flow rate of 
50 ml/min for 30 min.  Hereafter, the argon flow was replaced by a flow of 10% H2/Ar 
gas mixture at a flow rate of 50 ml/min while heating the catalyst to 900 
o
C at a heating 
rate of 10 
o
C/min.  Hydrogen consumption was monitored at the exit gas stream by using 
a thermal conductivity detector (TCD). The amount of hydrogen uptake by the sample 
can be calculated through numerical integration of the area of the TPR profile. 
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4.3.3.2 NH3-Temperature Programmed Desorption (NH3-TPD)  
 TPD characterizations are commonly used to determine the total acidity and acid 
strength on the surface of a solid material from measurements of the amount of gas 
desorbed at various temperatures. The quantities desorbed at a specific temperature 
provide information about the number, strength and heterogeneity of the solid material.  
 For each NH3-TPD experiment, an amount of 100-150 mg of catalyst sample was 
first pretreated for 1 h at 550°C in a 5% O2/He gas mixture at a flow rate of 50 ml/min. 
Then, the samples were cooled to 100 
o
C and brought to saturation using a 4.55% NH3/He 
gas mixture at a flow rate of 50 ml/min for 1 hr. After that, the ammonia flow was 
switched off, and replaced by a flow of a pure inert gas (He) at a rate of 50 ml/min for 1 
hr at the same temperature to remove physically adsorbed ammonia. The temperature was 
then raised up to 600 
o
C at a rate of 10°C/min. As the temperature was increased, the 
ammonia desorbed as it gained enough energy to overcome the activation energy barrier. 
The NH3 concentration of the effluent gas from the sample was monitored by a thermal 
conductivity detector (TCD). 
4.3.4 Oxygen Chemisorption 
 The catalytic activity of supported metal oxide catalysts is greatly affected by the 
dispersion of the active phase on the catalyst support. The degree of dispersion of the 
active metal can be greatly influenced by the nature and loading of the active metal, the 
type of support, the type of promoters/additives present and the preparation method of the 
catalysts.  Dispersion is defined as the percent of active metal exposed on the surface of 
the support. The active component on the support may remain as a highly dispersed 
monalayer or as crystallites on the support surface, or may even form a solid solution with 
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the support. So, the quantification of oxygen uptake by the catalyst sample during oxygen 
chemisorption can be related to the dispersion of the active metal. For example, for 
catalyst containing Vanadium as the active metal (as in the case of this study), dispersion 
can be determined by relating the amount of adsorped oxygen (Oads) to the number of 
Vanadium atoms available at the surface (Vsurf). Oxygen pulse chemisorption was used in 
this study to determine the degree of dispersion and hence the possible surface structure 
of vanadium oxides on the surface of γ-Al2O3 support in the prepared samples.  
 Oxygen pulse chemisorption experiments were performed using the AutoChem II 
2920 Analyzer from Micromeritics. For each O2-chmisorption experiment, an amount of 
100-150 mg of fresh catalyst was first pretreated for 1 h at 550 °C in a 5% O2/He gas 
mixture at a flow rate of 50 ml/min. This was followed by cooling of the sample to 
ambient temperature under the same flow. Then, the pre-treated sample was flushed with 
Argon (99.99%) at a flow rate of 50 ml/min for 30 min to remove any adsorbed oxygen.  
Hereafter, the samples were pre-reduced at 370 
o
C for 2 hrs in a flow of 10% H2/Ar gas 
mixture at a flow rate of 50 mL/min. Samples were then purged for 30 hrs at the same 
temperature using  pure He gas (99.99%) at a flow of 30 ml/min to remove physically 
adsorbed hydrogen. Subsequently, pulses of a known volume of oxygen (1 ml loop 
volume, 5% O2/He gas mixture) were injected into the carrier gas (He) until the saturation 
of the sample was attained.  A Thermal conductivity detector (TCD) was employed to 
quantify oxygen at the exit gas stream.  Oxygen Chemisorption uptake was determined as 
the difference of two successive adsorption isotherms measured at 370 
o
C. The dispersion 
was then expressed as the ratio between the oxygen uptake and the vanadium atoms 
available at the catalyst surface (O/ Vsurf), assuming an O to V chemisorption 
stoichiometry of 1:1.  
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4.3.5 Laser Raman Spectroscopy  
 Laser Raman Spectroscopy (LSR) is a spectroscopic technique based on inelastic 
scattering of monochromatic light, usually from a laser source. When radiation passes 
through a sample, the sample scatters a fraction of the incident beam in all directions. A 
small fraction of this scattered radiation is inelastically scattered. The difference in energy 
between the incident radiation and the inelastically scattered radiation is called Raman 
effect or Raman shift. This shift provides information about vibrational, rotational and 
other low frequency transitions in molecules. Raman spectra are created by plotting the 
difference in wave number between incident and scattered radiation (Raman shift) versus 
the intensity of the inelastically scattered radiation.  
 Laser Raman spectroscopy is an extremely powerful technique for characterizing 
supported metal oxide catalysts, in particular, supported vanadium oxide catalysts.  
Fundamental information about molecular structures of different vanadium oxide surface 
species (VOx) could be obtained. All characteristic vibrational features of vanadium 
oxides (vanadium–oxygen vibrations) are within a frequency range below 1100 cm-1. In 
such range, the support materials such as alumina and silica have very low Raman 
scattering cross-sections and they show only very weak Raman bans in the 700-1100 cm
-1
 
range. Thus, LRS can discriminate between different supported vanadium oxide 
coordination environments and bond lengths. For example, highly dispersed VOx on 
supported catalyst , the surface VO4 species shall give rise to a Raman band at 1027-1040 
cm
-1
 range, corresponding to the vanadyl bond (V=O) vibration while the crystalline 
V2O5 phase exhibits a band at 983-998 cm
-1
 range. 
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 Laser Raman spectra is reported in this thesis using dehydrated catalyst samples in 
a a Renishaw Model 2000 Raman Spectrometer equipped with a thermoelectrically 
cooled CCD detector (-73° C). The samples were excited with a 633 nm Ar ion laser line. 
A laser power of approximately 2 mW irradiating at the sample was used. Most of the 
samples were analysed at full power; only the un-supported V2O5 sample was analysed at 
10% power as the signal was too strong. The sample dehydration was carried out at 450 
o
C under dry air for 2 hrs and then cooled to room temperature. Following this, Raman 
spectra were obtained at room temperature at a spectral resolution of 1 cm
-1
. Sample 
exposure times were typically 10 and 30 seconds, with this being a function on the 
vanadium loading. 
4.3.6 Pyridine FTIR 
 Fourier Transform Infrared Spectroscopy (FTIR) using pyridine as a probe 
molecule can overcome the main limitation of TPD. In other words, this characterization 
technique can assess the zeolite acidity based on Brønsted or Lewis sites concentrations. 
The lone pair electrons of a pyridine nitrogen atom are involved in different types of 
interaction with the surface acid sites. Three modes of pyridine adsorption have been 
reported: (1) protons transfer at Brønsted acid sites to form pyridinium ion (PyH+) which 
is thermally stable, (2) electron transfer at Lewis acid sites (molecularly coordinated 
pyridine), and (3) hydrogen bonding pyridine to the surface hydroxyl groups. All three 
modes of adsorption display IR spectra peaks at different wavelengths and can be 
identified by their IR absorption bands. Pyridine coordinated with the Lewis centers 
yields a peak at 1450 cm-1, while protonated pyridine on the Brønsted centers yields a 
peak at 1540 cm-1. Both complexes also yield a peak at 1490 cm-1. The multi-bands in the 
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spectral region of 1580- 1660 cm-1 are generally assigned to hydrogen-bonded pyridine 
(Chester & Derouane (Eds.), 2009; Tonetto et al., 2004). 
 The nature of catalyst surface acid sites was determined using Fourier Transform 
Infrared Spectroscopy (FTIR) and by using pyridine as probe molecule. Before the 
analysis, the catalyst samples were dried for 2 hrs under N2 flow at 550 °C and then 
cooled to 100 °C. The samples were kept at 100 °C and saturated with pyridine using a N2 
stream containing pyridine. Adsorption of pyridine was allowed for 1 hr. Then, the 
samples were flushed with pure N2 at 100 °C for 90 minutes, in order to remove weakly 
adsorbed pyridine. Following this, samples were placed in a diffuse reflectance infrared 
spectroscopy (DRIFTS) cell.  FTIR spectra were recorded at room temperature using a 
Bruker IFS55 FTIR spectrometer operating at a 4 cm-1 resolution and 100 scans.  
4.4 Propane ODH Reaction Runs in the CREC Riser Simulator 
 The catalytic reaction runs of propane oxidative dehydrogenation over supported 
vanadium oxide catalyst samples were established using the Chemical Reactor 
Engineering Center (CREC) Riser Simulator. The CREC Riser Simulator is a bench scale 
mini-fluidized bed reactor, invented by H. De Lasa (1992) (de Lasa 1992). This mini-
fluidized reactor (capacity of 50 cm
3
) operates under batch conditions and is designed for 
catalyst evaluation and kinetic studies under fluidized bed (riser/downer) reactor 
conditions. One of the main advantages of this unit is its capability of simulating fluidized 
bed reactions conditions by using a very small amount of catalyst. 
 Thermal and catalytic experiments were performed in the CREC Riser Simulator 
at four temperature levels (475, 500, 525 and 550 
0
C), one catalyst loading (0.76 g) and 
four contact times (5, 10, 15 and 20 seconds). All thermal and catalytic runs were 
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repeated at 3 times to ensure reproducibility of the experimental results. The carbon mass 
balance closures considered all carbon-containing products such as CO, CO2, CH4, 
ethylene, ethane, propylene, propane. Total carbons formed in the spent catalyst were 
measured by a TOC Analyzer.  
4.4.1 Experimental Apparatus  
 The CREC Riser Reactor Simulator unit is a relatively simple, isothermal, well-
mixed device that enables the reacting chemical species to come into contact with 
fluidized catalyst throughout a predetermined reaction time at constant volume of reaction 
mixture. Figure 4.1 and Figure 4.2 show the schematic of the CREC Riser Simulator and 
its components and the fluidization patterns inside the Riser Simulator catalysts basket, 
respectively. The main reactor consists of a lower shell and an upper shell. These two 
shells allow easy access to the reactor to load and unload catalyst samples. The lower 
shell houses a basket that contains the catalyst sample. The catalyst basket is bound by 
two grids, trapping the catalyst and restraining its mobility within this chamber. This 
reactor was designed in a way that an annular space is created between the outer portion 
of the basket and the inner part of the lower reactor shell containing the basket. This 
annular space facilitates the recirculation of gaseous reactants and/or products by rotation 
of an impeller positioned above the catalyst basket. A metallic gasket is used to seal the 
upper and the lower shells of the reactor. A packing gland assembly with a cooling jacket 
supports and seals the impeller shaft. Upon the rotation of the impeller at high speed (up 
to 7500 rpm), gas is forced both outward in the impeller section and downwards in the 
outer reactor annulus, causing the solids material (catalyst) to become fully fluidized.  
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Figure 4.1: Overview of the RECAT-CREC Riser Simulator reactor body. 
 
 
 
Figure 4.2: Fluidization schematic of the CREC riser simulator under operation. 
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 The CREC Riser Simulator operates in conjunction with some other accessories, 
such as a vacuum box, a gas chromatograph (GC), and series of sampling valves, a timer, 
two pressure transducers and two temperature controllers. A schematic diagram of the 
CREC Riser Simulator along with the major accessories is illustrated in Figure 4.3. The 
vacuum box, a stainless steel cylinder with a capacity of 1068 cm
3
, is connected with the 
reactor by a four-port valve that enables the connection-isolation of the reactor and the 
vacuum box.  
 A timer is connected to an actuator, which operates the four-port valve. The timer 
is used to set the reaction time for an experimental run. It starts with the manual injection 
of the feed, and when the preset time expires, the reactor is evacuated to the vacuum box 
through the four-port valve. The evacuation process is almost instantaneous because of 
the significant pressure difference between the reactor and the vacuum box. 
Consequently, the reaction is terminated with the evacuation of the reactor.  
 Two pressure transducers (Omega PX303-050A5) rated at 50 psia maximum 
pressure are installed in both the reactor and vacuum box to allow the monitoring of the 
pressure during the experiment, as well as to make sure that complete and instantaneous 
evacuation occurs in the reactor. Both of the transducers are connected to analog/digital 
cards, supplied by Cole Parmer (A/D, model L-08109-27). For data collection, 
GWBASIC code is used.  
 Two Omega 400 KC temperature controllers are used in order to display and 
control various parts of the system which includes the reactor, vacuum box, cooling 
jacket, flow lines etc. The temperature controllers are calibrated to work with K type 
Omega thermocouples. In order to display the temperature of each of the parts specified 
above, the input selector knob is rotated to the desired position. 
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Figure 4.3: Schematic Diagram of the CREC Riser Simulator experimental set-up 
 
4.4.2 Reactor System Calibration 
 Before conducting ODH experiments, the CREC Riser Simulator system was 
calibrated to determine the volume of the reactor and the vacuum box. The gas 
chromatograph was also calibrated in order to find the retention times of various reaction 
products that are expected during Ethane ODH reactions.  
 The volume of the reactor was calculated by injecting a known amount of air into 
the system and observing the pressure difference after injection. Knowing the injection 
volume and reactor temperature the volume of the reactor can be determined. The number 
of moles of the injected gas can be calculated using the ideal gas law. 
                                                initialfinal
atminjected
reactor
PP
PV
V

                                                      (4.7) 
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The same procedure was followed to determine the volume of the vacuum box. Detailed 
procedure for reactor and vacuum box calibration is given in APPENDIX A.   
4.4.3 Experimental Procedure 
 For each reaction experiment in the CREC Riser Simulator, the required amount 
(maximum 1 g) of catalyst sample was first loaded into the reactor basket and then the 
reactor was closed. A temperature program was run to heat the system to the desired 
reaction temperature. An argon flow was maintained during the heating period to ensure 
that the reactor system was free from oxygen (air). Once the reactor reached the desired 
pre-set temperature, the argon flow was arrested and the pressure in the vacuum box was 
brought to 2.5 psi using a vacuum pump. At this stage the impeller was turned on and the 
feed (Propane) was injected into the reactor using a preloaded syringe. During this period 
of ODH reaction, the pressure profile of the reactor was recorded using a pressure 
transducer. At the end of the pre-specified reaction time, a valve isolating the reactor and 
the vacuum bottle was opened and the contents of the reactor were transferred to the 
vacuum bottle. This introduced an abrupt decrease of the reactor pressure confirming that 
most of the reactant and product species were removed from the reactor almost 
instantaneously and that no further reaction took place. Finally, the product species were 
analyzed using a gas chromatograph. Before the next cycle, the catalyst sample can be 
regenerated (oxidized) by flowing air at a specified temperature and during a pre-set 
reaction time. The same procedure was repeated for the different catalyst samples used in 
this study. 
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4.4.4 Blank Runs 
Prior to the catalytic study, thermal cracking runs (without catalyst) were 
performed using the empty reactor. This allowed one to clearly distinguish between the 
catalytic oxidative dehydrogenation effects versus the thermal conversion effects. The 
thermal runs were tested at 475 – 550 0C, using the same reactant (propane). 
4.4.5 Catalyst Performance Parameters 
 Thermal and catalytic experiments of propane ODH were carried out at four levels 
of temperatures (475, 500, 525 and 550 
0
C), one loading of catalyst (0.76 g) and four 
reaction times ( 5, 10, 15 and 20 seconds). The performance of the different γ-Al2O3-
supported vanadium oxide catalysts was established on the basis of four parameter 
indicators:  
‐ Conversion of propane,  
‐ Selectivity to propylene and total olefins,  
‐ Selectivity to carbon oxides 
‐ Propylene and total olefins yields 
4.4.6 Analytical System 
 The effluent from the reactor are analyzed online by a gas chromatograph 
(Shimadzu GC-2010) equipped with three packed columns: HayeSepD 100/120 mesh 
(30ft x ⅛” O.D. S.S., Supelco) column, Carboxen-1000 60/80 mesh (15ft  x ⅛” O.D.  
S.S., Supelco) column and Carboxen-1004 80/100 mesh (6.5ft  x 1/16” O.D. S.S., 
Supelco) column. The Carboxen-1000 and Carboxen-1004 columns were used for 
separating H2, O2, N2, Ar, CO, and CO2, and they were connected to a thermal 
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conductivity detector (TCD). On the other hand, all hydrocarbons (methane ethane 
ethylene, propane and propylene) were separated in the HayeSepD column and detected 
by a flame ionization detector (FID). A schematic of GC columns connectionsis shown in 
Figure 4.4  
 
 
 
 
 
 
 
 
 
Figure 4.4: Schematic of GC column connections 
 
 
 Helium was used as carrier gas, whereas the FID is operated with hydrogen and 
synthetic air. The duration of one GC analysis is about 30 min and data acquisition was 
done using Shimadzu GCSolution software. Correlations between peak areas and gas 
concentrations were established by using standard gas mixtures. The GC calibration 
procedures are given in Appendix B.  The detailed method parameters and analytical 
conditions used for each detector are given in Table 4.1 and Table 4.2. Moreover, the 
temperature programming in the GC oven is shown in Figure 4.5.  
 
HayeSepD 
column 
Inlet-2 
TCD FID 
Inlet-1 
Carboxen-1000 
column 
Carboxen-1004 
column 
Reactor 
effluents 
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Table 4.1: Gas Chromatograph parameters used in the characterization of the reaction products. (Analytical 
Line-1: TCD Detector) 
Column Carboxen-1000 60/80 mesh (15ft  x ⅛” O.D.  S.S.) 
Carboxen-1004 80/100 mesh (6.5ft  x 1/16” O.D. S.S.) 
Injection Temperature [
o
C] 200     
Injection Mode Direct     
Flow Control Mode Flow     
Column Flow [ml/min] 20     
Purge Flow [ml/min] 1     
Oven Temperature Program Rate Temperature [
o
C] Hold Time [min] 
 - 35 3 
 20 80 4 
 20 120 6 
 30 200 2.99 
Flow Program Rate Flow [ml/min] Hold Time [min] 
 - 20 30 
[TCD]       
Temperature [
o
C] 230     
Makeup Gas He     
Makeup Flow [ml/min] 7     
Current [mA] 80     
Polarity +     
Signal Acquire ON     
Sampling Rate [msec] 40     
Stop Time [min] 30     
Subtract Detector None     
Delay Time [min] 0     
GC Program      
Time Program No. Time 
[min] 
Device Event Value 
 1 0.00 Relay Relay91 0 
 2 0.01 Relay Relay91 1 
 3 0.5 Relay Relay91 0 
 
 
 
 
85 
 
 
 
Table 4.2: Gas Chromatograph parameters used in the characterization of the reaction products. (Analytical 
Line-2: FID Detector) 
Column HayeSepD 100/120 mesh (30ft  x ⅛” O.D. S.S.) 
Injection Temperature [
o
C] 200     
Injection Mode Direct     
Flow Control Mode Flow     
Column Flow [ml/min] 20     
Purge Flow [ml/min] 1     
Oven Temperature Program Rate Temperature [
o
C] Hold Time [min] 
 - 35 3 
 20 80 4 
 20 120 6 
 30 200 2.99 
Flow Program Rate Flow [ml/min] Hold Time [min] 
 - 20 30 
[FID]       
Temperature [
o
C] 230     
Makeup Gas H2     
Makeup Flow [ml/min] 30     
FID H2 flow [ml/min] 30     
FID air flow [ml/min] 400     
Signal Acquire ON     
Sampling Rate [msec] 40     
Stop Time [min] 30     
Subtract Detector None     
Delay Time [min] 0     
GC Program      
Time Program No. Time 
[min] 
Device Event Value 
 1 0.00 Relay Relay91 0 
 2 0.01 Relay Relay91 1 
 3 0.5 Relay Relay91 0 
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Figure 4.5: Temperature Program in the GC Oven 
 
4.4.7 Calculations of Conversion and Selectivity 
 In the GC analysis of this study, it was difficult to detect water in the product 
sample using either the TCD or the FID. Therefore, mole fractions calculated in this study 
were the ones with water excluded. 
 The performance of the catalyst in the oxidative dehydrogenation of propane was 
examined on the basis on conversion and selectivity values, which were calculated by 
formulas given by Equations 4.8 and 4.9.  For the gaseous product, the conversion 
propane and the selectivity to a carbon containing product are defined as follows: 
Propane Conversion, XC3H8 (%) =  100
nn3
n
i i
ipropane
i
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

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Selectivity to a product, Si (%) = 100

i i
i
ii
n
n


                                                           (4.9) 
 
Propylene Yield (Y) =
100
 (%) S    (%) X
   6
H3C8H3C

                                                     (4.10) 
where: 
in : The moles of gaseous carbon containing product i 
i : The number of carbon atoms in gaseous carbon containing product i 
propanen  : The moles of unconverted propane in the product stream 
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CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Introduction 
 The results of this study are reported in this chapter along with a discussion of the 
observations made during the experimental runs. The first section of this chapter includes 
a detailed description regarding the physical and chemical characterization of the γ-
Al2O3-supported vanadium oxide catalyst samples used. This is followed by a discussion 
about the structure and chemical reactivity of the prepared catalyst samples. Finally, 
comments are provided about findings from each catalyst characterization technique with 
a comparison with relevant data available in technical literature.  
 The second section of this chapter reports experimental results and performance 
data obtained during catalytic oxidative dehydrogenation runs over various VOx/γ-Al2O3 
catalyst samples for the production of light olefins (ethylene and propylene). This is 
accomplished using a propane feedstock fed to the CREC Riser Simulator reactor unit. A 
discussion is provided regarding the effect of the operating parameters such as 
temperature and reaction time on product distribution and catalyst performance. The main 
objective of developing this experimental study is to establish a relationship between the 
catalytic properties, VOx/ γ-Al2O3 catalyst activity and selectivity for propylene 
production from propane. Details about the procedures used for the evaluation of the 
catalysts under selected experimental conditions are reported in the upcoming sections of 
this Chapter.  
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5.2 Catalyst Preparation and Characterization: Results and Discussion 
5.2.1 BET Surface Area 
 Specific surface area is a fundamental physical property of the supported active 
metals involved in heterogeneous reactions. The specific surface area is one of the 
important parameters that determine metal dispersion and surface density of the active 
sites present in solid materials. Table 5.1 reports the BET surface areas of the bare γ-
A12O3 supports and the VOx/ γ-Al2O3 catalyst samples with different vanadium loadings.  
Moreover, the nominal vanadium surface density on γ-Al2O3 support is reported. 
Vanadium surface density is defined as the number of vanadium atoms present per unit 
specific surface area of the catalyst and is expressed in terms of Vanadium atoms per nm
2
. 
In order to find the VOx surface density for the various catalyst samples, the vanadium 
weight fraction and BET surface area of each sample are required as shown in the 
following equation: 
AreaSurfaceMW
10023.6
100
loadingVanadium.%wt
)nm/V(densitySurface
V
23
2
atoms



              (5.1) 
where MWv is the molecular weight of vanadium. 
Table 5.1: Characteristics of alumina support and supported vanadia catalyst 
Sample V content a 
(wt.%) 
SBET       
(m
2
/ g) 
Vp
b
 
(cm
3
/g) 
Dp
c
    
(nm) 
Surface Density 
(V/nm
2
) 
% Monolayer 
d
 
Al2O3  0 203.5 0.54 7.13 - - 
Al2O3 (calcined) 0 190.8 0.52 7.27 - - 
5% V/ γ-Al2O3 5 188.6 0.45 6.74 3.1 31.3 
7% V/ γ-Al2O3 7 179.3 
 
0.46 7.46 4.6 46.2 
10% V/ γ-Al2O3 10 153.4 0.39 7.17 7.7 77.1 
a   V content, in wt% was determined by ICP. 
 b   Vp is a single-point pore volume calculated from the adsorption isotherm at P/P
o = 0.99 
c  The average pore sizes were calculated by applying the BJH method on the desorption branches of the isotherms 
d  Calculated assuming surface area of 0.1 nm2  per VO4
3- species  
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 The surface area of the fresh (activated) bare γ-Al2O3 support was found to be 
203.52 m
2
/g. After calcination at 600 
o
C during 4 hours, the metal-free calcined γ-Al2O3 
support showed a slight decrease in the specific surface area to 190.84 m
2
/g. This mild 
reduction in surface area was attributed to the collapse/blockage of some of the support 
pores during calcination. Furthermore, after impregnation with the vanadium metal and 
calcination at 600 
o
C for 4 hours, the specific surface area of the V-loaded catalyst 
samples displayed a further gradual decrease with vanadium loading. This VOx/γ-Al2O3 
surface area reduction with the vanadium addition can be ascribed to the blocking of 
some of the alumina micropores by VOx species 
 Nitrogen adsorption/desorption isotherms were obtained on VOx/ γ-Al2O3 catalyst 
samples with different vanadium loadings and they are shown in Figure 5.1. The 
isotherms reported Figure 5.1 are identified as type IV isotherms according to the  IUPAC 
classification indicating a mesoporous material with pores in the range of 2 to 50 nm. 
Moreover, it can be seen in Figure 5.1 that capillary condensation begins to occur at 
relative pressure of 0.6 and above and appears to be leveling off near the saturation 
pressure. Capillary evaporation is shifted to relative pressures of over 0.05 lower than 
capillary condensation creating a hysteresis between the two branches and indicating the 
presence of meso-pores.  
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Figure 5.1: Nitrogen adsorption-desorption Isotherms 
 
 
 The BET surface area and pore volume of the catalysts showed a slight decrease 
with increasing vanadium content. This is attributed to the partial blockage of catalyst 
pore by vanadium species during the preparation of the VOx/ γ-Al2O3 catalysts. Figure 5.2 
shows the pore size distributions for the bare γ-Al2O3 support and the VOx/ γ-Al2O3 
catalyst samples with different vanadium loadings, as determined from the desorption 
branch of the N2 isotherms. The pore size distribution displays a 7.2 nm average for the 
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samples. A  very small number of pore counts have pore size values below 2 nm and 
almost none above 50 nm. This indicates that very few of the pores lie outside of the 
mesoporous range of 2 to 50 nm. 
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Figure 5.2: Pore size distribution for the γ-Al2O3 and VOx/ γ-Al2O3 catalyst samples determined from 
nitrogen desorption isotherms. 
 
 Figures 5.3 (a) and (b) describe the catalyst specific surface areas and the 
calculated VOx surface densities for the VOx/ γ-Al2O3 catalysts as a function of vanadium 
loading. It can be seen that the presence of VOx species only had a modest effect on the 
specific surface area of the support as shown in Figure 5.3-(a). As a result and as shown 
in Figure 5.3-(b), VOx surface densities increased almost linearly with increasing 
vanadium content.  
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Figure 5.3: BET surface areas (a) and VOx surface densities (b) for supported vanadium oxide catalysts. 
 
 
 
 Regarding vanadium oxide coverage, the maximum amount of amorphous two-
dimensional vanadium oxide surface species (VOx) in contact with the support as a 
monomolecular layer is called  monolayer coverage. The horizontal lines in Figure 5.3-(b) 
show the VOx surface densities corresponding to theoretical monolayer coverage of 
monovanadates (2.9 Vatoms/nm
2
) or polyvanadates (8.8 Vatoms/nm
2
).  
These values of theoretical monolayer coverage were found based on structural 
calculations given by Centi, G. (Centi 1996). The values of surface density were found to 
be 3.1, 4.6 and 7.7 Vatoms/nm
2
 for the 5% VOx/ γ-Al2O3, 7% VOx/ γ-Al2O3 and 10% VOx/ 
γ-Al2O3 catalyst samples, respectively.  These values are between the 2.9 and 8.8 V 
atoms/nm
2
 values for theoretical monolayer coverage of monovanadate and 
polyvanadates, respectively. This allows us to argue that the VOx/ γ-Al2O3 catalysts of the 
present study are likely to be in the monolayer coverage configuration which is below the 
upper limit for theoretical polymeric vanadia monolayer coverage. It is at these conditions 
at which crystalline V2O5 surface species start forming. For such a surface density range, 
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VOx surface species exist simultaneously with different fractions as isolated vanadate 
species (monovanadate) and polymeric vanadate species (polyvanadates). However, the 
5% VOx/ γ-Al2O3 sample shows a surface density value of 3.1 which is near the 
theoretical monolayer coverage of monovanadate surface species.  
5.2.2 Particle Size Distribution and Particle Apparent Density 
 Fluidizability is an important catalyst property for its use in fluidized-bed reactors. 
Therefore, it is important to analyze the particle size and size distribution on the prepared 
catalyst samples to confirm its adequacy for fluidized bed conditions. Beside the 
fluidization properties, the size of catalyst particles also plays a significant role in the gas-
solid reaction involved in the reactor. For instance, large particles limit the gas phase 
reactant access to the inner layers of the catalyst. As a result, using smaller particles can 
minimize the diffusional resistance and reduction/oxidation rates can be maximized. On 
the other hand, very smaller particles can cause fluidization problems, channeling and 
loss of fines. 
 In view of the importance of the above mentioned facts, the particles size 
distribution (PSD) of the prepared VOx/ γ-Al2O3 catalysts was measured using a 
Mastersizer 2000 from Malvern Instruments. Figure 5.4 shows the PSD of the various 
VOx/ γ-Al2O3 catalysts while Table 5.2 reports the numerical results. Results in Table 5.2 
show that there was almost 50% of the amount of catalyst particles were between 40- 80 
μm in size while the other 40% of the amount of catalyst particles were in the range 
between 80-120 μm while only 10% of the particles are between 120-180 μm. 
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Figure 5.4: Particle Size Distribution (PSD) of the various VOx/ γ-Al2O3 catalysts. 
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Table 5.2: Particle size distribution (PSD) results for the VOx/ γ-Al2O3 catalysts 
Particles Size  Vol. % 
  5% VOx/ γ-Al2O3 7% VOx/ γ-Al2O3 10% VOx/ γ-Al2O3 
0-40 μm  0.51 3.05 2.7 
0-80 μm  49.22 50.97 45.58 
0-120 μm  91.04 90.98 90.97 
0-180 μm  99.97 99.92 99.98 
Surface Weighted Mean  μm  87.82 76.33 78.98 
Volume Weighted Mean μm  96.1 93.73 96.59 
d (0.1) μm  62.18 58.90 64.28 
d (0.5) μm  91.77 90.48 94.21 
d (0.9) μm  135.96 135.60 135.84 
 
 The apparent particle density (AD) of the catalyst samples was assessed using a 
method established at the CREC. This method enables the determination of the AD of a 
catalyst by introducing a known amount of catalyst to a 10 ml flask, filling the flask with 
iso-propanol, and using the following equation: 
 
                       
lisopropanoT
.cat
VV
W
AD

                                                                              (5.2)  
 
where AD is the particle apparent density (g/cc), Wcat. is the catalyst weight (0.5 g), VT is 
the flask volume (10 ml), and Visopropanol is the volume of isopropanol calculated as the 
ratio of the weight of isopropanol needed to fill the flask and the density of isopropanol. 
The values of the apparent particle density of the various VOx/ γ-Al2O3 catalysts used are 
shown in Table 5.3. 
Table 5.3: Apparent Particle densities of VOx/Al2O3 catalysts  
Sample Apparent Particle Density 
(g/cm
3
) 
γ-Al2O3 1.21 
5%VOx/ γ-Al2O3 1.53 
7%VOx/ γ-Al2O3 1.70 
10%VOx/ γ-Al2O3 1.81 
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 Using the average particle size, the particle apparent density obtained above, the 
fluidization regime of the VOx/ γ-Al2O3 particles were determined using Geldart’s 
powder classification chart (Geldart 1973) shown in Figure 5.5.  It is shown in Figure 5.5 
that the VOx/γ-Al2O3 catalyst particles belong to the group B, a particle group considered 
to display good fluidization. These characteristics were further confirmed experimentally 
using a Plexiglas model of the CREC Riser Simulator, specially manufactured for flow 
visualization. 
   
 
 
Figure 5.5: Geldart diagram for classification of particles fluidization (Geldart 1973). 
 
5.2.3 Temperature Programmed Reduction (TPR) 
 In supported metal/metal oxide system, metal species may be present in different 
oxide phases. The formation of each phase depends on parameters such as the properties 
of the metal and the support material, preparation techniques and calcination temperature. 
In the case of this study, temperature programmed reduction (TPR) provide valuable 
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information about the metal oxide phase(s) present and any possible interaction between 
VOx surface species and support material. 
 
Figure 5.6: H2-TPR profile of bulk V2O5 and calcined VOx/γ-Al2O3 catalyst samples: Temperature up to 
900 
0
C (heating rate: 10 
o
C/min; reducing agent: 10 mole% H2, balance Ar at 50 cm
3
/min; 
oxidizing agent: 5 mole % O2, balance He at 50 cm
3
/min.) 
  
 H2-TPR profiles of bulk V2O5 and VOx/ γ-Al2O3 samples with different vanadium 
loadings are shown in Figures 5.6. The reduction profile for bulk V2O5 exhibits four 
major peaks at 650, 690, 740 and 850 
o
C. Similar observations on the reduction of bulk 
V2O5 were reported by Bosc et al. (Bosc et al. 1984) and Koranne et al. (Koranne et al. 
1994). These authors observed similar multiple reduction peaks when bulk V2O5 was 
treated in a 5% H2 in Ar up to 1000 
0
C. The presence of multiple peaks is attributed to the 
reduction of V2O5 to V2O3 through the intermediate formation of oxide species with 
different oxidation states according to the following sequence: 
V2O5  V6O13  V2O4  V2O3 
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 On the other hand, H2- TPR profiles for the VOx/γ-Al2O3 catalyst samples in 
Figure 5.6 show only a single symmetric reduction peak extending from 310 
o
C to 550 
o
C 
with a Tmax between 432-452 
o
C. However, the 10% VOx/γ-Al2O3 sample shows a second 
weak peak at about 575 °C. The first low temperature reduction peak observed in all 
VOx/γ-Al2O3 prepared samples can be assigned to the reduction of amorphous monomeric 
and polymeric VOx surface species. The second highest temperature peak displayed for 
the 10% VOx/γ-Al2O3 sample can only be assigned to the reduction of bulk V2O5-like 
surface species. It can also be noticed in Figure 5.6 that the first reduction peak shifts to a 
lower temperature with increasing vanadium loading. This suggests that submonolayer 
coverage with easily reducible species is formed at higher loading. Thus, it is speculated 
that at higher vanadium loadings, there is a higher abundance of polymeric VOx species 
which is considered more reducible than the monomeric VOx and that which exists at 
lower vanadium loadings. This was further confirmed by determining the degree of 
reduction (% reduction) of each catalyst sample.  
 
Table 5.4: TPR data comparing hydrogen consumption using VOx/γ-Al2O3 catalysts with varying amounts 
of vanadium (wt.%). 
Sample Tmax (
o
C) H2 Uptake 
(cm
3
 STP/g) 
% Reduction 
a
 AOS 
b
 VOx Surface 
Species T1 T2 
5% V/Al2O3 451.8 - 16.42 81.28 
 
3.37 V2O3.37 
7% V/Al2O3 445.7 - 22.74 83.06 
 
3.34 V2O3.34 
10% V/Al2O3 432.6 575 37.03 99.18 
 
3.02 V2O3.02 
Average Oxidation 
State of  V 
          V2O5           V6O13         VO2          V4O7         V2O3 
        +5             +4.33           +4              +3.5             +3 
 a: Based on V2O5 + 2 H2 → V2O3 + 2 H2O 
b: Average Oxidation State (AOS) 
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 TPR data was also used to determine the degree of reduction for the prepared 
catalyst samples. The degree of reduction of a supported vanadium oxide catalyst can be 
defined as the ratio of the exposed reducible vanadium oxide, which can be known from 
the amount of hydrogen consumed during the reduction process, to the actual vanadium 
oxide amount on the catalyst. The amount of consumed hydrogen during TPR experiment 
is established by numerically integrating the area of the resulting TPR peak. This allows 
the amount of reducible metal in the catalyst sample to be calculated using the following 
equation: 
                                                    
g
2HV
V
V
VMW
W


                                                         (5.3)   
where WV is the amount of vanadium reduced (g), MWV is the molecular weight of 
vanadium (g/mole), VH2 is the volume of hydrogen reacted (cm
3
 at STP), Vg molar volume 
of gas (moles/cm
3
 at STP) and v is the stoichiometric number of hydrogen in the gas-solid 
reaction involved in reduction. Assuming V2O5 is the initial reducible species present on 
the supported catalyst, the following reaction can be considered during the reduction of 
the sample:  
                             V2O5 + 2 H2     V2O3 + 2 H2O                                          (5.4) 
 Thus, with equation (5.3)  and knowing the amount of reducible metal in the 
catalyst sample, WV, and by knowing the actual vanadium amount on the catalyst, W0, the 
fractional amount of reducible vanadium (% reduction) can be calculated using the 
following equation: 
                                                 
0
V
V
W
W
f                                                                   (5.5)  
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Table 5.4 reports the hydrogen consumption, the maximum reduction temperature 
and the reduction degree for each catalyst. It can be observed in Table 2 that the degree of 
catalyst reduction increases with vanadium loading. These results support the assumption 
that there is increased catalyst reducibility under hydrogen atmosphere for catalyst 
samples with higher vanadium loading. 
 Furthermore, in an attempt to determine the nature of vanadium oxide surface 
species, the average oxidation state of vanadium was calculated using the amount of 
hydrogen consumed via TPR. This allowed us to qualitatively establish the nature of 
existing phases by comparing their average oxidation states. In a similar manner, the 
degree of reduction was developed assuming that V2O5 is the sole initial species present 
on the supported catalyst. With this data, the average oxidation states (AOS) of reduced 
vanadium oxides were determined. 
 On this basis, the oxidation states of vanadium oxides found were in the V2O3.02- 
V2O3.37 range. One should notice that the most likely vanadium oxide structure around 
this value is V2O3.  This vanadium species has been reported  by several authors as a very 
stable structure among various vanadium oxides (Muhler et al. 2001; Van Vuuren and 
Stander 1990). This suggests that the vanadium phase after complete reduction of V2O5 in 
the TPR experiment, is the V2O3 or mixed phases of V2O3, with V3O3.4 and V3O3.7  being 
present.  
 Different vanadium oxide phases can be formed when vanadium oxide is 
deposited on an oxide support. The supported vanadium oxide phase can exist 
simultaneously in several different structural states. There have been a large number of 
studies in the literature investigating the nature of vanadia surface species on metal oxide 
supports. Among the several factors studied which determine the nature of the vanadia 
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species on metal oxide support the surface density of vanadia species appears to be very 
relevant. In this respect, the structure of alumina-supported vanadia has been investigated 
in relation with vanadium loading and VOx surface density (Auroux et al. 1996; Bell et al. 
1999; Blasco and López-Nieto 1997; Blasco et al. 1997; Martinez-Huerta et al. 2006; 
Sham et al. 2004). 
 In a relevant study, (Reddy and Varma 2004) analyzed a series of activated 
alumina-supported vanadium oxide catalysts with various V2O5 loadings ranging from 5 
to 25 wt%. TPR profiles of V2O5/Al2O3 catalysts exhibited only a single peak at low 
temperature up to 15 wt% V2O5. It was suggested that the low-temperature reduction peak 
was due to the reduction of surface vanadia, which was ascribed to the tetrahedral 
coordination geometry of the V ions. However, TPR of V2O5/Al2O3 at higher vanadia 
loadings exhibited three reduction peaks, indicating that bulk-like vanadia species are 
present for these catalysts only at higher vanadia loadings, with V ions being present in an 
octahedral coordination. The TPR profiles of V2O5/Al2O3 catalysts indicated that at 
loadings lower than 15% vanadia forms isolated surface vanadia species, while two-
dimensional structures and V2O5 crystallites become prevalent in highly loaded (>15% 
V2O5) systems. 
5.2.4 Total Acidity (NH3-TPD) 
 In addition to the redox properties, surface acidity is a very important aspect of 
supported vanadia catalysts. Surface acidity can determine their catalytic activity; and it is 
governed by the nature of the support used and the surface structure of surface vanadia 
species (VOx). Thus, a correlation of surface acidity with the structure of supported 
vanadia and hence with their catalytic activity is very important.  
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Acid sites of catalysts are often characterized by temperature-programmed 
desorption using ammonia as a basic probe molecule (NH3-TPD). Due to its strong 
acidity and small molecular dimensions (3.70 x 3.99 x 3.11 Å
3
) (Topsoe et al. 1981), 
ammonia is a suitable probe for all OH groups accessible through pores, channels, or 
windows 4 Å. The acid amount and acid distribution can be obtained from the peak area, 
position, respectively. NH3-TPD can distinguish sites by sorption strength only. Thus, its 
main limitation is given by the fact that it is not able to differentiate between Brönsted 
and Lewis acid sites (Hidalgo et al. 1984; Topsoe et al. 1981). TPD of ammonia was used 
in this study to compare the total acidity and acidity strength of the bare γ-Al2O3 support 
and the VOx/γ-Al2O3 catalyst samples with different vanadium loadings. Fig. 5 shows the 
relationship between the thermal conductivity of the desorbed species (NH3 pre-adsorbed 
at 100 
0
C) with a linear increase in temperature (15 
0
C/min). 
Temperature (
o
C)
100 150 200 250 300 350 400 450 500 550 600
T
C
D
 (
a
.u
.)
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
Fresh -Al2O3
10%VOx/Al2O3
7%VOx/Al2O3
5%VOx/Al2O3
 
Figure 5.7: NH3-Temperature programmed desorption profiles for Fresh γ-Al2O3 support and various 
VOx/γ-Al2O3 catalyst samples. (Sample weight: 0.1 g; heating rate: 15 
0
C/min, He flow rate: 
30 ml/min, NH3 pre-adsorbed at 100 
0
C). 
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 Table 5.5 reports ammonia uptake by various samples and their desorption 
temperatures (Tdes.). The total acidity of each catalyst sample was established on the basis 
of integration of desorbed NH3 as given by the TCD (temperature conductivity detector) 
profiles. One should note that the NH3-TPD profile for bare γ-Al2O showed a broad initial 
desorption peak at 170 
0
C followed by a high temperature desorption peak at 350 
o
C. 
These two peaks can be attributed to NH3 desorption from weak and strong Lewis acid 
sites, respectively. It can also be seen in Figure 5.7 that the addition of vanadium on γ-
Al2O3 resulted in acidity changes: from γ-Al2O3 related Lewis sites to vanadium oxide 
promoted Brönsted sites. Moreover, for the vanadium-containing samples, it was 
observed that raising the vanadium loading resulted in increased acidity of catalyst 
samples. This was confirmed by the increased NH3 uptake at higher vanadium species 
loading. 
 
Table 5.5: Temperature programmed desorption of NH3 for VOx/γ-
Al2O3 catalyst samples and bare γ-Al2O3 support. 
Catalyst Sample Tdes. NH3 uptake 
(
o
C) (cm
3
 STP /g) 
Al2O3  200, 350 8.26 
5% V/Al2O3 194 10.94 
7% V/Al2O3 180 11.50 
10% V/Al2O3 196 13.02 
 
  The acidity of supported-vanadia catalysts has been the subject of several studies 
(Bars et al. 1992; Busca et al. 1989; Kantcheva et al. 1992; Khader 1995; Turek and 
Wachs 1992; Zou et al. 2003). Unsupported bulk V2O5 powder was found by Busca et al. 
(Busca et al. 1989) to show both surface Brönsted and Lewis acid sites, Moreover, it was 
also observed by Datka et al. (Datka et al. 1992) and Miyata et al. (Miyata et al. 1988) 
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that the formation of VOx surface species on oxide supports such as γ-Al2O3 and TiO2 is 
accompanied by a decrease in the density of surface Lewis acid sites and an increase in 
the density of surface Brönsted acid sites.  
 Zou et al. (Zou et al. 2003), studied the surface acidity of SiO2, γ-Al2O3 and TiO2 
supported vanadia catalysts. This was done using both microcalorimetry and infrared 
spectroscopy as well as using ammonia as a probe molecule. The acidity in terms of 
nature, number and strength was correlated to surface structures of vanadia species on the 
catalyst surface. It was found that surface acidity of supported vanadia catalysts is 
strongly affected by the vanadia species dispersion, surface structure, nature of the 
support and vanadium loading. In addition, microcalorimetric studies of NH3 adsorption 
showed a gradual decrease in the heat of ammonia adsorption and ammonia coverage 
with the addition of VOx on the γ-Al2O3 support. The heat of ammonia adsorption appears 
to decrease progressively with the increase of the vanadium loading up to the point when 
the monolayer coverage is complete. This means that VOx species may cover some of the 
strong Lewis acid sites of the γ-Al2O3 support. Thus, as vanadium loading increases, this 
leads to a higher abundance of Brönsted sites.     
5.2.5 Pyridine FT-IR 
 To gain additional information about the acidity of the prepared VOx/γ-Al2O3 
catalysts samples, Fourier Transform Infrared Spectroscopy (FTIR) using pyridine as a 
probe molecule was used. By using this characterization technique, one is able to assess 
the catalyst’s acidity based on Brønsted or Lewis sites concentrations.  
Figure 5.8 shows the FTIR spectra of the γ-Al2O3 support and all the VOx/γ-Al2O3 
samples used in the present study. It can be noted in Figure 5.8 that the FTIR spectra of 
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adsorbed pyridine on the bare γ-Al2O3 support do not exhibit any bands other than that at 
1448 cm
-1
 which arise from the adsorption of pyridine on surface Lewis acid sites. This 
shows that the γ-Al2O3 support does not contain any Brønsted acid sites strong enough to 
react with pyridine. On the other hand and in addition to the band at 1448 cm-1, the FTIR 
spectra of adsorbed pyridine on the VOx/γ-Al2O3 samples showed a 1540 cm
-1
 band. This 
band arises from the adsorption of pyridine on surface Brønsted acid sites showing that the 
VOx/γ-Al2O3 samples possess both Lewis and Brønsted acid properties. It can also be 
observed that the relative intensity of the bands at 1540 cm
-1
 augments with increasing 
vanadium loading. This is in agreement with the results obtained by NH3-TPD where the 
total acidity of the VOx/γ-Al2O3 samples increases with vanadium loading. 
Based on these findings, it can be concluded that the total acidity and the number 
of surface Brønsted acid sites augments with increasing surface VOx coverage. These 
results are consistent with findings of other studies (Bell et al. 1999; López-Nieto 2006; 
Martinez-Huerta et al. 2006). In addition, the multi-bands in the spectral region  between 
1580–1660 cm-1 are generally assigned to hydrogen-bonded pyridine while the bands at 
1490 cm
-1
 relate to both Lewis and Brønsted acid species (Chester and Derouane 2009; 
Tonetto et al. 2004).    
 Furthermore, the 1540 cm
-1
 and 1448 cm
-1
 peaks were used to quantify the 
Brønsted and Lewis acid sites concentrations, respectively. Table 5.6 reports the 
Brønsted/Lewis acid sites ratios for all VOx/γ-Al2O3 samples. It can be noticed that 
Brønsted acid sites are dominant over Lewis acid sites. This was in fact true for all 
samples, with the Brønsted/Lewis ratio increasing steadily with vanadium loading. Such 
an increase in Brønsted acidic sites of VOx-based catalysts with vanadium loading has 
been reported in several studies.  This is an important  factor to improve VOx catalytic 
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activity for  ODH of light alkanes (Bell et al. 1999; Blasco and López-Nieto 1997; Chen 
et al. 2002; López-Nieto 2006; López-Nieto et al. 1999; Martinez-Huerta et al. 2006).  
 
Table 5.6: Acid Properties of VOx/γ-Al2O3 Catalyst Samples using 
Pyridine FTIR 
Catalyst Sample Brønsted/Lewis sites ratio 
5% V/γ-Al2O3 1.8 
7% V/ γ-Al2O3 4.2 
10% V/ γ-Al2O3 5.1 
)old) 10% V/c-Al2O3 3.2 
 
 
 Figure 5.8 and Table 5.6, both report data for the 10%VOx/c-Al2O3 catalyst 
sample prepared in our previous study for ethane ODH (Al-Ghamdi, Volpe, M.M. 
Hossain, and de Lasa 2013). It can be noticed that at the same V-loading (10%), the less-
acidic γ-Al2O3 support resulted in a higher Brønsted/Lewis ratio and a larger number of 
Brønsted acid sites. This acidity difference is particularly noticeable if one compares the 
properties of the catalyst of this study with the ones of other catalysts developed by our 
research group for ethane ODH (Al-Ghamdi, Volpe, M.M. Hossain, and de Lasa 2013).  
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Figure 5.8:  FTIR Spectra of Pyridine Adsorbed on γ-Al2O3 and VOx/γ-Al2O3 Samples 
 
5.2.6 Oxygen Chemisorption  
 In supported metal oxide catalysts, metal dispersion plays an important role in 
determining their catalytic activity. There are several factors which can control the 
dispersion of active metal on the support materials such method of preparation, type of 
support and metal precursor used. The most commonly used method for the determination 
of metal oxide dispersion of a catalyst is the selective chemisorption of probe gases like 
oxygen on a pre-reduced catalyst sample.  
 In oxygen chemisorption experiments, the selection of pre-reduction and oxygen 
chemisorption temperature are crucial. Sample pre-reduction if not controlled properly 
can lead to bulk reduction and oxygen chemisorption must be carried out at a sufficiently 
high temperature to assure complete reoxidation of the vanadia surface. Parekh and 
Weller (Parekh and Weller 1977; Weller 1983) have proposed that a temperature of -
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78 
o
C is the most suitable temperature at which oxygen chemisorption measurements 
could be done. However, Oyama (Oyama et al. 1989)  proposed that much more 
meaningful information could be obtained by doing oxygen chemisorption experiment at 
around 370 
o
C with catalyst pre-reduction being done at the same temperature. Moreover, 
Reddy et al.  (Reddy et al. 1993) suggested that conducting the pre-reduction and oxygen 
chemisorption at 370 
o
C would avoid bulk and over reduction of vanadium oxide and 
sintering of the support. Therefore, oxygen chemisorption experiments were done in the 
present study at 370 
o
C with a pre-reduction of the sample at the same temperature.  
 O2 chemisorption experiments were conducted by dosing small amounts (17.2 
μmol) of O2 over a pre-reduced catalyst samples. Oxygen doses were repeated on the 
sample every 60 s until two consecutive peaks with constant area were recorded in the 
TCD. A sample of recorded oxygen chemisorption peaks is given in Figure 5.9 for 
5%VOx/γ-Al2O3 catalyst sample.  Oxygen uptake after each pulse was calculated from the 
area difference between two consecutive peaks. The pulses were terminated when the 
areas of two consecutive peaks were the same, indicating that no more O2 uptake was 
taking place. Moreover, O2 uptake curves obtained at 370 
o
C on various VOx/Al2O3 
catalyst samples as a function of O2 pulses are shown in Figure 5.10.  
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Figure 5.9: Pulses of oxygen as sensed by the thermal conductivity (TCD) detector for the 5% VOx/γ-Al2O3 
catalyst sample. 
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Figure 5.10: Cumulative oxygen uptake curves on VOx/γ-Al2O3 catalyst samples (Tads.=Tred.= 370
o
C). 
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 Figure 5.11 and Table 5.7 report the cumulative oxygen uptake values obtained at 
370 
o
C on various VOx/Al2O3 catalyst samples as a function of V loading. It is shown that 
oxygen uptake increases with vanadium content up to 10 wt% VOx loading. Therefore, 
using a stoichiometry of O/V = 1/1, the metal dispersion, defined as the ratio of oxygen 
uptake to V content, was estimated for each sample. This was achieved by utilizing the 
total number of V atoms present in the sample as well as the number of oxygen atoms 
chemisorbed.  
 Metal dispersion is found to decrease with the increase in vanadium loading. 
Moreover, the metal dispersions as reported in Table 5.7 also gives an active equivalent 
particle diameter of vanadia particles smaller than 4 nm. This vanadia particle diameter 
was found to be consistent with the X-ray diffraction patterns where no diffraction lines 
above the background were observed. This was true for all catalyst samples prepared. 
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Figure 5.11: Oxygen uptake at 370 °C as function of VOx content in various VOx/γ-Al2O3 catalyst samples. 
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Table 5.7: Oxygen Uptake, dispersion and active particle diameter on various 
VOx/Al2O3 catalysts 
Sample O2 Uptake     
(cm
3
/g) 
% Dispersion 
a
 
(O/V) 
Active particle  
diameter (nm) 
5% V/ γ-Al2O3 6.96 63.26 1.97 
7% V/ γ-Al2O3 9.98 59.81 1.99 
10% V/ γ-Al2O3 13.16 43.25 2.09 
a 
Dispersion = fraction of vanadium atoms at the surface, assuming Oads/Vsurf 
= 1 
 
5.2.7 Laser Raman Spectroscopy (LSR)  
 Figure 5.12 reports the Raman spectra obtained at ambient temperature after 
sample thermal treatment at 450 
o
C under air flow for 2 hrs. Raman spectra results are 
shown for bulk V2O5, activated γ-Al2O3 support and various VOx/γ-Al2O3 catalysts with 
different V loadings. Table 5.8 also provides the positions of the bands associated with 
various VOx species. The narrow 1030-1035 cm
-1
 band is assigned to the stretching mode 
of the V=O bond in isolated monovanadate surface species. On the other hand, the broad 
bands in the 700–945 cm-1 region are ascribed to the stretching modes of  V=O (945–
1030 cm
-1
) and V-O-V (670–945 cm-1) bonds stretching modes in polyvanadate surface 
species (Roozeboom et al. 1980; Wachs and Weckhuysen 1997; Wachs 1996) . The 
remaining bands, appearing at 180, 235, 325, 345, 448, 520, 567 and 993 cm
-1
 are 
assigned to bulk V2O5 crystals (Blasco et al. 1997; Zhao et al. 1997). 
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Figure 5.12: Dehydrated Raman spectra for (a) calcined γ-Al2O3, (b) 5% VOx/γ-Al2O3, (c) 7% VOx/γ-
Al2O3, (d) 10% VOx/γ-Al2O3 and (e) bulk V2O5. 
 
 Figure 5.12 also shows that the γ-Al2O3 support does not exhibit any Raman bands 
in the 100-1100 cm
-1
 region due to the ionic character of the Al-O bonds (Bell et al. 
1999).  Moreover, it can be seen that the structures of the VOx surface species as detected 
by Raman spectroscopy are dependent on vanadium loading and hence VOx surface 
density. Thus, as the vanadium loading increases from 5 wt. % to 10 wt. %, the 
proportion of V2O5 or polyvanadate to monovanadate species increases. For example, in 
the catalyst sample with 5% V loading, the only band detected is that for monovanadate 
species at 1033 cm
-1
. The absence of polyvanadate bands in Raman spectra suggest that 
VOx species exist as isolated monovanadate structures. On the other hand, Raman bands 
attributed to polyvanadate species are detected in the range 750-1000 for the catalyst 
sample with 7% V loading and higher which indicates the coexistence of both  
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polyvanadate and monovanadate species on γ-Al2O3. At higher loading of 10% V, Raman 
bands corresponding to crystalline V2O5 are also detected.  
 
Table 5.8: Raman Band Assignments for Vanadium Oxide Species 
Sample Monovanadate 
(V=O) 
Polyvanadates 
(V=O, V-O-V & 
V-O-Al) 
V2O5 Support 
bulk V2O5 None None 180, 235, 325, 345, 
448, 520, 567 and 993 
- 
γ-Al2O3 (Activated) - - - None 
5% V/γ-Al2O3 1033 None None - 
7% V/ γ-Al2O3 1033 650-945 None - 
10% V/ γ-Al2O3 1033 650-945 180, 235, 325, 448, 
520, 567 and 993 
- 
 
 
 In summary, the Raman spectra results presented in Figure 5.12 and Table 5.8 
suggest that isolated tetrahedral monovanadate structures anchored on the support with V-
O-A1 bonds are prevalent at low vanadium loading. As V loading increase, two-
dimensional polyvanadates form; leading to the formation of V-O-V bonds which connect 
neighboring VOx species. At higher V loadings, three-dimensional structures form via the 
reaction of VOx species exceeding monolayer coverage with polyvanadates structures, 
which ultimately crystallize into bulk V2O5 form.  
5.2.8 X-Ray Diffraction (XRD) 
Figure 5.13 describes the X-ray diffraction patterns of bulk V2O5, the γ-Al2O3 
support and various VOx/γ-Al2O3 catalysts of various VOx loadings calcined at 600 °C. 
No diffraction lines corresponding to the vanadium oxide compounds were detected in the 
VOx/ γ-Al2O3 samples except in those for the bare γ-Al2O3 support at 2 positions of 48
 o
 
and 67
o
. This may be viewed as an indication to either that VOx species exist as a highly 
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dispersed amorphous phase on the alumina surface or that V2O5 , if present, exists as 
small XRD undetectable crystalline nanoparticles (<4 nm). Based on Laser Raman 
Spectroscopy (LRS) and H2-TPR results reported previously in section 5.2.3 of this 
dissertation, the samples with 5 and 7% V loading showed only an amorphous VOx phase. 
However, the sample with 10% V loading showed some crystalline V2O5 nanoparticles 
coexisting with the amorphous VOx phase. All these phases were in the sub-monolayer 
coverage as indicated by the O2-chemisprption dispersion results. These findings are in 
agreement with the published data with similar VOx loadings on γ-Al2O3, where VOx 
primarily present as vanadate or polyvanadate, which are known to be X-ray amorphous. 
Some crystalline V2O5 nanoparticles could exist at lower V loadings which might form 
due to catalyst preparation procedures (Bell et al. 1999; Koranne et al. 1994; Reddy and 
Varma 2004). Moreover, no evidence of AlV3O9 was detected in any of the samples 
suggesting that the reaction between VOx and γ-Al2O3 is negligible during the treatment 
at 600 
o
C. 
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Figure 5.13: XRD patterns of Al2O3 support and VOx/Al2O3 catalysts with different vanadium loading (*: 
V2O5, +: Al2O3) 
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 Furthermore , and in order to establish the structural stability of the VOx/ γ-Al2O3 
catalysts, XRD were considered for spent catalysts after 10 consecutive propane 
injections for propane ODH reactions at the most severe reaction conditions considered in 
this study , i.e. 20 seconds contact time and 550 
o
C. Figure 5.14 reports the XRD patterns 
of the spent VOx/ γ-Al2O3 catalysts. One can notice the absence of any diffraction 
patterns due to structural changes other than that for the bare γ-Al2O3 support at 2 
positions of 48
 o
 and 67
o
. This can be viewed as an indication of high catalysts stability 
under the selected reaction conditions.  
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Figure 5.14: XRD patterns of spent VOx/Al2O3 catalysts with different vanadium loading after 10 
consecutive propane injections (T= 550 
o
C, contact time= 20 sec, C3H8 injected= 10 ml, 
catalyst loaded = 0.76g) 
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5.3 Propane ODH in CREC Riser Simulator: Results and Discussion 
The reactivity and stability of the various VOx/γ-Al2O3 catalysts samples with 
different V loadings were analyzed in the CREC Riser Simulator. The fluidizability of the 
catalyst particles was demonstrated in a Plexiglas unit with dimensions matching the ones 
of the CREC Riser Simulator made out of Inconel used for the ethane ODH reaction runs. 
Thermal and catalytic experiments of propane ODH were carried out at four levels of 
temperatures (475, 500, 525 and 550 
0
C), one loading of catalyst (0.76 g) and four 
reaction times ( 5, 10, 15 and 20 seconds). The performance of the different γ-Al2O3-
supported vanadium oxide catalysts was established on the basis of four parameter 
indicators:  
i) Conversion of propane,  
ii) Selectivity to propylene and total olefins,  
iii) Selectivity to carbon oxides 
iv) Propylene yields 
 
 All thermal and catalytic runs were repeated at 3 times to ensure reproducibility of 
experimental results. The carbon mass balance closures, which considered CO, CO2, CH4, 
ethylene, ethane, propylene, propane and carbon deposited over the catalyst were in the 
±7% range. Total carbons formed in the spent catalyst was measured in TOC analyzer 
with a spent catalyst sample that has been used in the most sever conditions in this study ( 
i.e. after 10 consecutive propane injections, 20 sec contact time and 550 
o
C) and was 
found in the range of 1-1.5 wt.%. The gaseous reaction products were analyzed in a 
Shimadzu GC-2010 system as described in Chapter 4 of this dissertation. The spent 
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catalyst samples were analyzed for total organic carbon using Shimadzu TOC Analyzer 
following the procedure described in Chapter 4. 
 For all thermal and catalytic runs performed in the CREC Riser Simulator, the 
pressure was monitored at the injection (pulse), reaction and termination of the run. 
 Typical pressure profiles during each propane ODH run are shown in Figure 5.15. 
The upper curve of Figure 5.15 displays an increase in total pressure from injection 
(pulse) time to termination time. This pressure rise is due to the increase in the total 
number of moles during the reaction between the propane and the lattice oxygen. The 
lower curve in Figure 5.15 represents the pressure profile in the vacuum box, which 
remained constant during the reaction period. At termination time, and due to the gaseous 
products being transferred from the reactor to the vacuum box, the reactor pressure 
abruptly decreased while the vacuum box pressure slightly increased. As a result, reaction 
products are contained in the vacuum box preventing any further reaction, and are ready 
for the GC analysis.  
 
Figure 5.15: Pressure profile in the CREC Riser Simulator for propane ODH reaction 
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 Figure 5.16 reports a sample chromatogram of the gaseous products contained in 
the CREC Riser Simulator vacuum box after a reaction run. The hydrocarbons products 
were analyzed using flame Ionization detector (FID) while the permanent gases (H2, 
Argon, CO and CO2) were analyzed using thermal conductivity detector (TCD).  
 
 
 
 
Figure 5.16: Gas Chromatographic analysis of gaseous products for propane ODH in the CREC Riser 
Simulator (reaction time= 20 sec, C3H8 injected= 10 ml, catalyst loaded = 0.76g). 
FID 
TCD 
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 On the other hand, catalytic propane ODH experiments were developed in a 
CREC Riser Simulator which operates as batch reactor mode under fluidized bed 
conditions. The fluidizability of the various VOx/γ-Al2O3 catalyst samples used in this 
study was ensured in the riser basket by conducting the experiments at high impeller 
speeds of 5500 rpm. .  
 The catalytic propane ODH runs were studied under an oxygen-free atmosphere 
employing lattice oxygen of vanadium oxide in the VOx/γ-Al2O3 catalysts. To achieve 
this, two sets of experiments were considered: single-injection and multi-injections 
experiments. Single-injection experiments are used to study the interaction of propane 
with the fully oxidized catalyst in a reaction/regeneration cycles.  In contrast, multi-
injection experiments are used to change the catalyst state from a completely oxidized to 
a partially reduced one and study the influence of the reduction degree of the catalyst on 
its performance in propane ODH in consecutive catalyst reduction cycles.  Detailed 
investigation of each set of experiments is given in the below sections.  Details and 
experimental results regarding both thermal and catalytic propane ODH are give in the 
following sections. 
5.3.1 Thermal Runs 
 Blank thermal runs (without catalyst) were performed using the empty reactor 
prior to the catalytic studies to determine the possible contribution of homogenous gas-
phase reactions. This allowed one to clearly distinguish between the catalytic oxidative 
dehydrogenation effects versus the thermal conversion effect. The thermal runs were 
tested using the same reactant (propane) at a temperature range of 475-550 
0
C and 20 
seconds contact time which were considered as the most severe conditions in the 
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experimental plan. Figure 5.17 shows propane conversion in the reactor without any catalyst 
at the temperature range used in the catalytic runs. It can be seen in Figure 5.17 that propane 
conversion due to thermal effect displayed low values between 0.21 -3.12 %. Based on these 
results, thermal cracking was neglected under the conditions studied, and the conversion 
observed during the catalytic runs truly represents the catalytic activity of VOx/ γ-Al2O3 
catalysts.  
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Figure 5.17: Propane conversion as function of temperature of blank runs (reaction time= 20 sec, C3H8 
injected= 10 ml). Error bars correspond to standard deviation of three repeats. 
 
5.3.2 Single-Injection Propane ODH Experiments 
 Single-injection ODH experiments with cycles of reaction followed by 
regeneration were developed. Thus in these experiments, the catalyst was repeatedly 
reduced by reaction with propane and then re-oxidized with air at various reaction 
temperatures and contact times. Between the reduction and oxidation, the catalyst was 
flushed with pure Argon flow for 15 minutes. For each reaction cycle, the conversion and 
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selectivity for the main products were obtained. At the beginning of each experiment, the 
fresh catalyst was first heated to the reaction temperature under inert (Argon) gas flow 
and then pretreated with air flow for 20 minutest to ensure that the catalyst was in afully 
oxidized state. Table 5.9 reports the conversion and product distribution of the single-
injection propane ODH experiments in the absence of oxygen over different VOx/γ-Al2O3 
catalysts, at various contact time and temperature levels. 
 Figure 5.18 shows the influence of temperature on the propane conversion and 
products selectivities (propylene and COx). The catalyst samples with different vanadium 
loading showed different reactivity during the single-injection propane ODH experiments, 
resulting in 24.36 %, 34.01% and 36.52% propane conversion at 475 
o
C for the 5%V, 
7%V and 10%V catalysts samples, respectively. As shown in Figure 5.18-(a), as the 
reaction temperature increases, propane conversion increases to 59.54 %, 77.63% and 
82.33% at 550 
o
C, for the same catalysts samples, respectively.  
 On the other hand, propylene selectivity showed a gradual decrease with 
increasing reaction temperature as shown in Figure 5.18-(b) with an overall very low 
C3H6 selectivities obtained in this single-injection propane ODH experiment using fully 
oxidized (fresh) catalysts. The catalyst sample with the 5% vanadium loading gives C3H6 
selectivities between 2.04-5.05% over the temperature range from 475 to 550 
o
C, with the 
selectivity decreasing slightly with temperature. For the sample with 7% vanadium 
loading, the C3H6 selectivity decreases from 2.54% at 475 
o
C to very low value around 
1% at 550 
o
C. The C3H6 selectivity of the 10% V catalyst sample is the poorest of any of 
the catalysts examined in this work, especially in the higher temperature region. For 
example, the C3H6 selectivity of the 10% V catalyst is only 1.29% at 475 
o
C and 
decreases to 0.61% at 550 
o
C.  
123 
 
 
 
 Moreover, Figure 5.18 shows that the increase in propane conversion and the 
decrease in propylene selectivity with reaction temperature are accompanied by an 
increase in the selectivity to COx (CO and CO2) as shown in Figure 5.18-(c).  Such 
pattern of changes of selectivities with the conversion indicate a parallel-consecutive 
mechanism of formation of carbon oxides from propane where “direct propane 
combustion” together with propylene formation and later “propylene combustion” is 
taking place over the fully oxidized (Fresh) catalysts used in the present study. Further 
description is given in the kinetic modeling chapter of the present study. 
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Figure 5.18: Temperature dependence of (a) C3H8 conversion, (b) C3H6 selectivity and (c) COx selectivity 
for single-injection propane ODH over various VOx/ γ-Al2O3 catalyst samples (reaction time= 
20 sec, C3H8 injected= 10 ml, catalyst loaded = 0.76g). Error bars correspond to standard 
deviation of three repeats. 
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Table 5.9: Conversion and product distribution results for single-injection propane ODH experiments over 
various VOx/γ-Al2O3 catalysts.  
Catalyst T Time X C3H8 Selectivity (%) 
 (
o
C) (s) (%) C3H6 COx CH4 C2H6 C2H4 
5% VOx/γ-Al2O3 475 5 2.34 12.09 86.49 0.72 0 0.70 
10 4.93 9.23 89.88 0.44 0 0.45 
15 10.40 7.85 91.53 0.39 0 0.24 
20 24.36 5.05 94.45 0.24 0 5.05 
500 5 2.88 11.65 86.26 0.96 0.09 1.04 
10 6.68 8.75 89.96 0.58 0.03 0.67 
15 11.27 7.02 91.89 0.58 0.04 0.47 
20 28.02 4.30 95.22 0.25 0.04 0.20 
525 
 
5 4.38 9.29 88.01 0.94 0.05 1.71 
10 10.02 7.00 91.09 0.75 0.04 1.12 
15 20.50 5.69 92.90 0.68 0.07 0.65 
20 36.80 3.85 95.52 0.32 0.04 0.28 
550 5 13.82 8.01 89.66 1.39 0.13 0.80 
10 23.48 5.45 91.86 0.97 0.08 1.64 
15 40.01 4.89 93.88 0.69 0.04 0.50 
20 59.54 2.04 96.90 0.50 0.02 0.54 
         7% VOx/γ-Al2O3 475 5 7.18 3.65 95.86 0.25 0 0.22 
10 14.07 2.80 96.75 0.26 0 0.17 
15 23.79 2.29 97.32 0.24 0 0.12 
20 34.01 2.54 97.09 0.23 0 0.13 
500 5 10.63 2.39 97.10 0.24 0.02 0.25 
10 19.13 2.44 97.03 0.25 0.05 0.24 
15 23.34 2.41 97.16 0.21 0.03 0.18 
20 35.40 2.10 97.58 0.15 0.03 0.14 
525 
 
5 16.42 2.21 97.09 0.24 0.01 0.45 
10 27.68 1.78 97.68 0.23 0.02 0.30 
15 45.05 1.60 97.99 0.20 0.02 0.19 
20 57.47 1.34 98.37 0.14 0.01 0.14 
550 5 31.23 2.18 97.04 0.35 0.03 0.39 
10 52.87 1.45 97.82 0.26 0.02 0.45 
15 63.67 1.71 97.75 0.28 0.02 0.24 
20 77.64 0.95 98.62 0.21 0.01 0.20 
         10% VOx/γ-Al2O3 475 5 10.55 2.21 97.47 0.17 0 0.13 
10 20.84 1.54 98.11 0.23 0 0.10 
15 28.80 1.35 98.31 0.22 0 0.08 
20 36.52 1.28 98.41 0.23 0 0.07 
500 5 17.66 1.32 98.37 0.15 0.01 0.14 
10 26.56 1.31 98.31 0.18 0.05 0.15 
15 33.39 1.17 98.54 0.13 0.03 0.12 
20 42.89 1.15 98.61 0.11 0.03 0.10 
525 
 
5 23.38 1.14 98.44 0.14 0.00 0.27 
10 34.84 1.14 98.50 0.13 0.01 0.21 
15 51.60 1.05 98.69 0.11 0.01 0.14 
20 63.72 0.79 98.99 0.10 0.01 0.79 
550 5 43.34 1.13 98.33 0.19 0.01 0.34 
10 64.17 0.95 98.67 0.15 0.01 0.22 
15 73.98 0.80 98.86 0.15 0.01 0.18 
20 82.33 0.61 99.12 0.13 0.01 0.13 
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 Figure 5.19 describes the selectivity of ODH products over various catalysts as a 
function of propane conversion at different reaction temperatures. Figure 13 describes the 
selectivity of ODH products over various catalysts as a function of propane conversion at 
different reaction temperatures. One can notice that there is a consistent decrease in 
propylene selectivity with a corresponding increase in COx selectivity at higher 
conversion. This shows that propylene is the primary reaction product of the propane 
ODH while COx (CO and CO2) are the secondary products of the consecutive oxidation of 
propane and propylene. Based on these results, a classical “triangular” reaction network 
with “direct alkane combustion” together with alkene formation and later “alkene 
combustion” could be envisioned for propane ODH. Moreover, non-zero selectivities of 
COx and C3H6 can be expected upon extrapolation to the zero degree of propane 
conversion. The non-zero selectivities are an indication that all reaction products are 
formed from propane via a competitive (parallel) reaction network. 
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Figure 5.19: C3H6 selectivity as a function of C3H8 conversion at various temperatures for single-injection 
propane ODH over (a) 5% VOx/ γ-Al2O3, (b) 7% VOx/ γ-Al2O3 and (c) 10% VOx/ γ-Al2O3 
catalyst samples. (C3H8 injected= 10 ml, catalyst loaded = 0.76g). Error bars correspond to 
standard deviation of three repeats  
 
 As gas phase oxygen was not present in the propane injection, it can be concluded 
that all of the reaction products were the result of the interaction with lattice oxygen of 
the VOx surface species.  Furthermore, low propylene and high COx selectivities at any 
given propane conversion were obtained during single injection ODH experiments as 
shown in Figure 5.19. These low propylene and high COx selectivities can be related to 
both the amount and type of surface oxygen species available on the fresh/regenerated 
catalyst surface. Excess amount (non-stoichiometric) of available lattice oxygen as well 
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as the existence of non-selective oxygen species on the catalysts surface is believed to 
favor the conversion of propane and the produced propylene into combustion products.  
 Figure 5.19 shows also the effect of excess amount (non-stoichiometric) of 
available lattice oxygen. It can be noted that at any given reaction temperature, propane 
conversion augments with VOx loading. This is accompanied with a parallel increase in 
COx selectivity and a decrease in propylene selectivity. This finding leads us to conclude 
that an optimum amount of VOx loading is needed to have the required stoichiometric 
amount of lattice oxygen necessary to selectively convert propane to propylene during 
ODH reaction. On the other hand, there may exist non-selective oxygen species on the 
catalysts surfaces that could be either loosely bound lattice oxygen from the surface and 
bulk of the catalyst or weakly adsorbed oxygen species produced from gas-phase O2 
during the pre-treatment/regeneration steps. This loosely bound lattice oxygen is 
considered more reactive, and thus, likely to cause carbon-carbon bond breakage and 
promote total oxidation. As a result, both types of oxygen species may participate in the 
total oxidation of propane and contribute to the low propylene selectivity.  
 The interaction of propane feed with the oxygen species on the catalyst during 
ODH reactions  in the absence of gas phase oxygen have been the subject of several 
studies in the literature (Arnold and Sundaresan 2007; Balcaen et al. 2009; Crapanzano et 
al. 2011; Genser and Pietrzyk 1999; Haber and Witko 1995; Kondratenko, Steinfeldt, et 
al. 2006). It has often been suggested for oxidative dehydrogenation reactions that the 
selectivity is dependent on the binding strength of the oxygen. Moreover, it has also been 
suggested that there may be different types of oxygen species on the catalyst surface, 
including some that are reactive enough to cause the direct and total oxidation of propane.  
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 Haber and Witko (Haber and Witko 1995) have proposed two type of active 
oxygen surface species: electrophilic oxygen forms (e.g. O2, O2
−
, O
− 
) which have been 
claimed to perform total oxidation, and nucleophilic lattice oxygen ions (O
2-
 which have 
been claimed to be the more selective one towards propylene.  Moreover, Che et. al. and 
Libre et al. (Che and Tench 1982a; b; Libre et al. 1982) have found that oxygen species 
with different bond strength and electronic character could exist on the catalyst surface as 
a result of different environment of the lattice oxygen of different VOx  surface species 
dispersed on the support. As a result, different types of oxygen species could form on the 
catalyst surface resulting in different selectivities toward the ODH products.  
 In addition to the nucleophilic and electrophilic natures of different surface 
oxygen species, Kung and Anderson (Kung and Andersen 1993) studied the oxidation of 
butane over two V/γ-Al2O3 catalysts with loadings of 2.9 and 8.2 V/nm
2
 using both pulse 
reaction and steady state measurements. These authors found that the number of the 
oxygen atoms on the catalyst surface and the place where these atoms are incorporated in 
the reactant molecule are two important factors for determining the selectivity of these 
catalysts for butane ODH. Thus, it is important to control the number of oxygen atoms 
that are incorporated into the reactant molecule. This number is normally controlled via 
the residence time of the molecule on the surface, the number of oxygen atoms available 
at the active sites and the reactivity of oxygen on the surface (i.e. its electrophilicity or 
nucleophilicity). A similar conclusion on the effect of the number of active oxygen 
species was made by Dinse et. al. (Dinse, Schomäcker, et al. 2009) in his study to 
investigate the oxidative dehydrogenation (ODH) of ethane on alumina-supported 
vanadia. In this study, transient-response experiments were carried out with both a fully 
oxidized sample of 10 wt% VOx/ γ-Al2O3 and a sample that had been partially reduced in 
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H2 to remove half of the reducible oxygen from the vanadia. The rate of ODH was found 
to depend on the amount of reactive oxygen available on the catalyst surface. 
 In view of the above, it can be concluded that fully oxidized (fresh) VOx/ γ-Al2O3 
catalysts are active but not selective ones for propane ODH reactions. This could be 
attributed to the availability of an excess amount (non-stoichiometric) of available lattice 
oxygen as well as the existence of non-selective oxygen species on the catalysts surfaces. 
Both types of oxygen species participate in the total oxidation of propane and propylene 
product. Thus, an optimized and controlled character (nucleophilic or electrophilic) and 
appropriate numbers of oxygen species on the catalysts surface are important factors to be 
considered for more selective catalysts.  
 To elucidate this matter, a second set of experiment was considered in the context 
of the present study. These experiments were performed with partially reduced catalysts 
using a series of consecutive propane injections. These experiments were developed for 
propane ODH reaction with no catalyst regeneration in between injections. In this 
manner, the effect of the degree of reduction (i.e. the number of available active oxygen 
species) on the activity and selectivity of the VOx/ γ-Al2O3 catalysts in ODH reaction was 
examined very effectively. More details about consecutive –injections propane ODH 
experiments are given in the following section. 
5.3.3 Successive-Injections Propane ODH Experiments 
 In successive injections propane ODH experiments, the catalyst samples were 
subject to successive propane injections in the CREC Riser Simulator. In these ODH 
experiments, the VOx/ γ-Al2O3 catalysts are progressively reduced via the consecutive 
propane injections without catalyst regeneration between the injections. With this data 
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and for each of the injections, the instantaneous conversion and selectivities for the main 
products were calculated. Every experimental set consisted of 10 successive propane 
injections, contact times between 5-20 seconds and temperatures between 475-550 
o
C. In 
order to minimize the effect of the catalyst to feed ratio, all the experiments were 
conducted using the same amount of catalyst (0.76 g) and injecting the same amount of 
propane (10 ml). The degree of reduction of the catalyst is defined as the ratio of the 
remaining oxygen in the catalyst after each injection to the original oxygen content of the 
catalysts.  The former was determined by analysing the various oxygen-containing 
products resulting from each propane injection while the later was calculated from the 
oxygen uptake from the O2-Chemisorption characterization technique. 
 Figure 5.20 reports propane conversion and products selectivities as function of 
the number of propane injections (pulses) over different VOx/ γ-Al2O3 catalysts at 550 
o
C. 
It can be observed in Figure 5.20 -(a) that the conversion of propane is highest in the first 
injection for all catalysts, and then decreases progressively with increasing number of 
propane injections. However, a small but noticeable activity level was maintained even 
after 10 pulses of propane over the different VOx/ γ-Al2O3 catalysts. This could be 
ascribed to the availability of an extended supply of lattice oxygen as will be discussed in 
more details later in this section. As no molecular oxygen is fed with the injection, the 
catalyst is believed to supply oxygen for the ODH reaction. Following the first propane 
injection, propane conversion declined drastically from 58.8%, 76.5% and 81.98% to 
12.5%, 14.4% and 16.4% over the 5%VOx/ γ-Al2O3, 7%VOx/ γ-Al2O3 and 10%VOx/ γ-
Al2O3 catalysts samples, respectively. There was a further gradual decrease to 11.5%, 
12.4% and 13.6% with the subsequent propane injections. Thus, it is plausible that the 
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decrease of propane conversion over VOx/ γ-Al2O3 catalysts is mainly the result of 
progressive consumption of the reactive lattice oxygen species.  
 Figure 20-(b) also shows the relative variation of propylene and COx selectivities.  
It can be seen that for all catalysts the first injection has very low propylene selectivity 
and very high COx selectivity. However, the selectivity for propylene increases and that 
for COx decreases as the degree of reduction of the catalyst augments with the number of 
consecutive propane injections. These significant changes in selectivity indicate that a 
certain degree of catalyst reduction is required in order to obtain good propylene 
selectivity. For example, the 92.1, 84.9 and 77.6% high propylene selectivities were 
obtained at conditions were the prepared catalyst was reduced  up to  83.2%, 67.4% and 
55.06% over the 5%VOx/ γ-Al2O3,  7%VOx/ γ-Al2O3 and 10%VOx/ γ-Al2O3 catalysts, 
respectively. 
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Figure 5.20: Propane conversion (a), Propylene and COx selectivity (b), and catalyst degree of  reduction 
(c) as a function of successive-injection propane ODH over various VOx/ γ-Al2O3 catalyst 
samples (T=550 
o
C, reaction time= 20 sec, C3H8 injected= 10 ml, catalyst loaded = 0.76g). 
Error bars correspond to standard deviation of three repeats. 
 
 Thus, the above reported results support the view that propylene selectivity in 
propane ODH reaction over VOx-based catalysts is strongly influenced by the binding 
energy of lattice oxygen. When the catalyst is in a more oxidized state, lattice oxygen is 
loosely bound and it is more likely to promote deep oxidation of hydrocarbons to carbon 
oxides. Moreover, there is also the possibility that in the first injection, adsorbed oxygen 
from the regeneration step (which has a mainly non-selective contribution) could remain 
on the VOx/ γ-Al2O3 catalyst surface. In this case, a selective catalyst surface would be 
obtained only after the adsorbed oxygen had been consumed via the first propane 
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injection. This is quite apparent for the subsequent propane injections with the propylene 
selectivity augmenting with the number of propane injections. It is under these conditions 
that combustion products (COx) decrease. Thus, these findings show that in propane ODH 
reaction network with the catalyst not being regenerated in between propane injections 
(oxygen-free environment), propane conversion could be achieved with high propylene 
selectively. This high selectivity for propylene is the result of the lattice oxygen being the 
main driver of the ODH reaction. One can also notice that following the first ethane 
injection (first pulse), the catalyst tested displays a stable performance in terms of 
propane conversion and propylene selectivity even after ten successive reduction runs. 
 The effect of the catalyst oxidation state on oxidative dehydrogenation selectivity 
over vanadium based catalysts has been the subject of several studies in the literature (Al-
Ghamdi, Hossain, et al. 2013; Al-Ghamdi, Volpe, M.M. Hossain, and de Lasa 2013; 
Balcaen et al. 2009; Creaser et al. 1999a; b; López-Nieto et al. 1999; Owen et al. 1992). 
In these studies, the ODH reaction was carried out in the absence of gas-phase O2 and the 
catalyst was reduced via successive pulses of paraffins (e.g. ethane, propane and butane). 
It was shown that olefins selectivities of ODH reactions over various vanadium based 
catalysts augments when increasing the reduction degree of the catalyst. 
 Yoon et al. (Yoon et al. 1995), in a study considering propane oxidative 
dehydrogenation over Mg-Mo-O catalyst, attributed this to the progressive catalyst 
reduction. In this respect, the binding strength of the remaining lattice oxygen augments 
and as a result the catalyst becomes more selective 
 Creaser et al. (Creaser et al. 1999a; b) studied propane ODH over V-Mg-O 
catalyst and it was also found that at the same propane conversion , propylene selectivity 
of the reaction in the absence of gas-phase O2 was superior to steady-state selectivity 
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involving the co-feeding of molecular oxygen. Moreover, propylene selectivity was found 
to improve by increasing the degree of reduction of the catalyst . 
 On the other hand, Lopez-Nieto et al (López-Nieto et al. 1999) and Balcaen et al. 
(Balcaen et al. 2009) found in their studies on propane and butane ODH over VOx/ γ-
Al2O3 catalysts that that the reducibility of the V-atoms can influence the selectivity to 
ODH products. This effect was assigned to the selective redox rate of VOx surface 
species. In this respect, a higher reaction temperature was found to accelerate the redox 
exchanges on the catalyst surface and hence increases the selectivity. Thus, the rate at 
which the redox processes take place on the catalyst surface was found to be another 
relevant factor in determining the catalytic performance of V-based oxidative 
dehydrogenation catalysts.  
 In another recent study from our research group, promising results were reported 
by Al-Ghamdi et al. (Al-Ghamdi, Hossain, et al. 2013; Al-Ghamdi, Volpe, M.M. 
Hossain, and de Lasa 2013) on  ethane ODH reaction over VOx/ γ-Al2O3 catalysts in 
CREC Riser Simulator in the absence of molecular oxygen. It was shown that in the 
absence of oxygen, ethylene could be produced via ODH with 57.6%−84.5% ethylene 
selectivity at ethane conversions between 6.5%−27.6% and at temperatures between 550-
600 
o
C.  It was concluded that the absence of gas-phase oxygen is critical for the selective 
conversion of ethane into ethylene with a major role of lattice oxygen in sustaining the 
ODH over several reaction cycles. 
 The degree of catalyst reduction reported in Figure 5.20-(c) is defined as the ratio 
of the number of oxygen molecules consumed from the catalyst during the ODH reaction 
to the total amount of available exchangeable lattice O atoms. The later was determined 
by first reducing the VOx/ γ-Al2O3 catalyst sample in a flow of H2. This was followed by 
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successive pulses of molecular O2 (O2 titration) of the reduced sample until no further O2 
uptake was observed. Thus, the oxygen consumed during the catalyst re-oxidation of the 
catalysts is therefore believed to exclusively re-oxidize the surface and replenish the 
lattice oxygen. On the other hand, the number of oxygen molecules consumed from the 
catalyst was calculated after each propane injection by analyzing the amounts of oxygen-
containing products (i.e. CO, CO2 and H2O). As the ODH reaction was conducted in the 
absence of a gas-phase oxygen, removable lattice oxygen was assumed to be the only 
source of O-atoms in the ODH products.  
 It can be also observed in Figure 5.20-(c) that different VOx/ γ-Al2O3 catalysts 
shows different degree of reduction. The catalyst sample with the highest V loading (10% 
V) showed a degree of reduction of 55.1% after 10 propane injections while that with the 
lowest V loading  (5% V)  showed degree of reduction of 80.4% by the 10
th
 injection. 
This was attributed to the differences in VOx content of the VOx/ γ-Al2O3 catalysts. In 
fact higher levels of lattice oxygen supply can extend the ODH reaction significantly. 
 Besides the VOx loading, the extent of the lattice oxygen supply can be affected 
by the reaction temperature. Figure 5.21 reports the extent of reduction for the 5% VOx/ 
γ-Al2O3 catalyst sample as a function of reaction temperature and propane injections. It 
can be observed that an extended supply of lattice oxygen could be maintained by the 
catalysts at a lower temperature.  Thus, as temperature increases, the degree of catalyst 
reduction per injection increases and hence, more lattice oxygen is consumed. This results 
as a consequence in a smaller lattice oxygen supply. In a study by Balcaen and coworkers 
(Balcaen et al. 2010, 2011), the activation of propane both in the absence and presence of 
gas-phase O2 or CO2 over a CuO-CeO2/γ-Al2O3 catalyst was investigated. These 
researchers used a TAP reactor in the 350- 600C range. It was found by performing 
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isotopic multi-pulse experiments with C
18
O2 over the 
16
O2-pretreated catalyst at 600 
o
C 
that at higher temperatures there is an increased mobility of lattice oxygen.  
 
Figure 5.21: Variation of catalyst degree of reduction with reaction temperature as a function of 
successive-injection propane ODH over 5% VOx/ γ-Al2O3 catalyst (Reaction time= 20 sec, 
C3H8 injected= 10 ml, catalyst loaded = 0.76g). Error bars correspond to standard deviation 
of three repeats. 
 
 To further investigate the extent of lattice oxygen supply by the VOx/ γ-Al2O3 
catalysts of the present study, a set of experiment was carried out where the catalyst 
sample with the lowest V loading (5%) was considered for successive propane injections. 
This was done at the most severe experimental conditions (i.e. 20 sec contact time and 
550 
o
C reaction temperature).  This experiment was continued until all the lattice oxygen 
supply was depleted, as shown by the full reduction (degree of reduction of 1).   
  Figure 5.22-(a) reports the propane conversion for 23 consecutive injections. One 
can notice a progressive decrease of propane conversion with the consecutive injections. 
In addition, one can observe that propylene selectivity in Figure 5.22-(b) showed an 
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initial increase from a very low value of 2% to around 91%, remaining stable up to the 
14
th
 injection. Following this, propylene selectivity showed a gradual decrease to 67.4%. 
Moreover, this decrease in propylene selectivity after the 14
th
 injection is accompanied by 
a gradual decrease in both COx selectivity and propylene yield as shown in Figure 5.22-
(c). This is an indicator of a decreased supply of lattice oxygen for the ODH reaction. 
Hence lower amount of products are formed. By the 23
rd
 injection, the catalysts showed a 
100% degree of reduction with no further COx formation (0% COx selectivity). It is 
interesting to see that the values of propane conversion and propylene selectivity at this 
point are similar to those obtained in thermal runs. At this stage, this is also a strong 
indicator of the absence at this stage of any lattice oxygen available for the ODH reaction. 
 Based on these findings, it can be concluded that the lattice oxygen reservoir on 
the VOx/ γ-Al2O3 catalysts makes their use possible in continuous twin redox fluidized 
bed reactors. In this type of units, only a small fraction of the catalyst or about 1/23 would 
be continuously transferred from the reduction ODH unit (where lattice oxygen is 
consumed in the ODH reaction) to the oxidizing unit, where lattice oxygen is replenished. 
Once the catalyst is oxygen replenished, it should return to the ODH unit.  
 Table 5.10 reports propane conversion and product selectivities of successive-
injections propane ODH experiments with pure C3H8 over various VOx/γ-Al2O3 catalysts 
at various contact times and different temperature levels. The only identifiable carbon-
containing products other than propylene were CO, CO2, CH4, C2H6 and C2H4. 
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Figure 5.22: Variation of catalyst degree of reduction (a), propane conversion, COx selectivity and 
propylene selectivity (b) and propylene yield (c) with the number of propane injections 
propane ODH over 5% VOx/ γ-Al2O3 catalyst (T= 550 
o
C, reaction time= 20 sec, C3H8 
injected= 10 ml, catalyst loaded = 0.76g). Error bars correspond to standard deviation of 
three repeats. 
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Table 5.10: Conversion and product distribution results for sequential-injections propane ODH experiments 
over various VOx/γ-Al2O3 catalysts. Reported values are the average of 10 consecutive C3H8 
injections.  
Catalyst T Time X C3H8 Selectivity (%) C3H6 
Yield 
 (
o
C) (s) (%) C3H6 COx CH4 C2H6 C2H4 (%) 
5% VOx/γ-Al2O3 475 5 2.35 70.89 86.49 2.76 0.24 0.70 1.63 
10 3.29 76.86 89.88 2.97 0.27 0.67 2.50 
15 4.19 80.35 91.53 2.97 0.29 0.67 3.35 
20 5.38 84.42 94.45 2.94 0.31 0.61 4.53 
500 5 3.08 73.37 86.26 4.73 0.60 1.30 2.18 
10 4.59 77.53 89.96 4.20 0.69 1.06 3.46 
15 5.77 81.89 91.89 4.98 0.94 1.12 4.71 
20 7.32 84.70 95.22 4.15 0.89 0.96 6.21 
525 
 
5 3.83 75.44 88.01 6.14 1.51 2.26 2.85 
10 6.32 79.92 91.09 5.67 2.10 2.03 5.03 
15 7.99 83.28 92.90 5.58 2.60 1.99 6.67 
20 8.88 85.79 95.52 4.84 2.30 1.75 7.64 
550 5 4.08 76.38 89.66 6.30 1.54 3.78 3.13 
10 6.08 81.24 91.86 5.49 2.20 2.76 4.98 
15 9.12 84.52 93.88 5.05 3.30 2.44 7.73 
20 11.73 85.94 96.90 5.41 3.62 1.55 10.11 
          7% VOx/γ-Al2O3 475 5 3.24 60.73 35.81 2.57 0.25 0.64 1.62 
10 4.18 67.20 29.30 2.61 0.30 0.59 2.59 
15 5.14 67.68 28.76 2.64 0.32 0.61 3.29 
20 6.42 71.20 25.19 2.73 0.34 0.55 4.36 
500 5 3.74 64.75 29.00 4.45 0.65 1.16 2.14 
10 5.60 68.94 24.78 4.29 0.89 1.11 3.53 
15 6.89 71.58 22.00 4.37 1.01 1.03 4.69 
20 8.11 73.09 21.03 4.02 0.99 0.87 5.82 
525 
 
5 4.60 65.29 24.36 6.31 1.76 2.28 2.63 
10 6.55 70.60 19.46 5.79 2.20 1.94 4.34 
15 9.77 71.98 19.11 5.00 2.31 1.61 6.78 
20 11.88 73.79 17.51 4.78 2.40 1.51 8.45 
550 5 5.06 66.20 20.01 7.12 2.43 4.24 3.18 
10 8.41 71.49 15.64 6.60 2.98 3.30 5.90 
15 11.21 74.46 11.67 6.73 3.92 3.22 8.36 
20 13.36 75.34 10.43 7.21 4.44 2.58 10.06 
          10% VOx/γ-Al2O3 475 5 3.73 55.12 41.52 2.48 0.27 0.61 1.48 
10 4.67 61.99 34.59 2.49 0.33 0.59 2.57 
15 5.90 61.67 34.82 2.60 0.34 0.57 3.32 
20 7.16 64.13 32.45 2.53 0.36 0.53 4.24 
500 5 4.22 57.24 36.74 4.27 0.71 1.04 2.01 
10 6.27 63.43 30.05 4.44 1.03 1.06 3.42 
15 7.68 64.64 29.27 4.13 1.03 0.92 4.52 
20 9.14 65.73 28.66 3.72 1.07 0.82 5.70 
525 
 
5 5.26 58.79 30.29 6.60 2.06 2.26 2.47 
10 7.24 64.75 25.05 6.04 2.28 1.88 4.10 
15 10.79 65.78 25.89 4.85 2.07 1.41 6.56 
20 13.41 67.29 23.58 5.21 2.48 1.43 8.32 
550 5 6.16 60.64 23.79 7.83 3.18 4.56 3.49 
10 10.50 66.18 18.79 7.51 3.68 3.84 6.64 
15 12.93 66.81 16.13 8.53 4.75 3.78 8.53 
20 15.05 67.77 15.01 8.72 4.99 3.51 10.16 
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5.3.3.1 Effect of Reaction Temperature 
 The effect of the reaction temperature was examined by conducting successive-
injections propane ODH experiments over the various VOx/ γ-Al2O3 catalysts at reaction 
temperatures between 475 and 550 
o
C. Figure 5.23 reports propane conversions and 
selectivities to propylene and COx during the ODH reaction runs at various reaction 
temperatures.  
 It can be observed that catalyst samples with different vanadium loadings showed 
different reactivity during the successive-injection propane ODH experiments, resulting 
in 5.4, 6.4 and 7.2 % propane conversion at 475 
o
C for the 5%V, 7%V and 10%V 
catalysts samples, respectively. As shown in Figure 5.23-(a), as the reaction temperature 
increases, propane conversion increases to 11.7, 13.4, and 15.1% at 550 oC, for the same 
catalysts samples, respectively.  
 On the other hand, and in contrast to the ODH experiment over fully oxidized 
catalysts (i.e. single-injection ODH experiments), propylene selectivity showed a gradual 
increase with increasing reaction temperature, as shown in Figure 5.23-(b). For example, 
the catalyst sample with the 5% vanadium loading gives the highest C3H6 selectivities 
between 84.4-85.9% over the temperature range from 475 to 550 oC. For the sample with 
7% vanadium loading, the C3H6 selectivity increases from 71.2% at 475 oC to 75.3% at 
550 oC. The C3H6 selectivity of the 10% V catalyst sample is the lowest of any of the 
catalysts examined in this work, with C3H6 selectivity of 64.1% at 475 oC and it 
increases to 67.8% at 550 oC. This increase in propylene selectivity with reaction 
temperature is attributed to the variation of catalyst degree of reduction with both reaction 
temperatures and the number of propane injections.   
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 As discussed earlier in this section, the catalyst sample is progressively reduced 
with the successive propane injections and it has been also shown that the reduction 
degree of the catalyst is more pronounced at higher temperature due to higher mobility of 
lattice oxygen. As a result of this, as the number of propane injections is increased at 
higher reactions temperatures, higher degree of reduction of the catalyst is attained. At 
such higher degree of reduction of the catalysts, the selective pathway towards ODH is 
preferred over that for combustion and COx formation due to lower availability of lattice 
oxygen. This is apparent from the observed catalyst performance reported in Figure 5.23 
(c) : the increase in propylene selectivity with reaction temperature is accompanied by a 
decrease in the COx selectivity (CO and CO2). 
 
Figure 5.23: Temperature dependence of (a) C3H8 conversion, (b) C3H6 selectivity and (c) COx selectivity 
for successive-injection propane ODH over various VOx/ γ-Al2O3 catalyst samples (reaction 
time= 20 sec, C3H8 injected= 10 ml, catalyst loaded = 0.76g). Data points are the average 
values of 10 successive injections excluding the first injection on fully oxidized (fresh) 
catalyst. Error bars correspond to standard deviation of three repeats. 
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5.3.3.2 Effect of Reaction Contact Time 
 The effect of the reaction contact time was examined by conducting the 
experiments at four different contact times: 5, 10, 15 and 20 seconds. Figure 5.24-(a, c, e) 
reports propane conversions and selectivities to propylene and COx during the ODH 
reaction runs at various reaction times and 550 
o
C. It is observed that propane conversion 
for all catalysts increases as the reaction times increases giving 4.1, 5.2 and 6.2 % 
propane conversion at 5 seconds contact time and it increases to 11.7, 13.4, and 15.1% at 
20 seconds reaction time for the 5%V, 7%V and 10%V catalysts samples, respectively.  
 One can notice that propylene selectivity augments slightly with increasing 
reaction time as shown in Figure 5.24-(b, d, f). The catalyst sample with the 5% 
vanadium loading shows C3H6 selectivities between 70.9-76.4% at 5 seconds contact time 
and it increases to 84.4-85.9% at 20 seconds contact time. For the samples with 7% and 
10% vanadium loading, the C3H6 selectivity increases from 60.7-66.2% and 55.1-60.7at 5 
seconds contact time to 71.2-75.3% and 64.13-67.8% at 20 seconds contact time, 
respectively. This increase in propylene selectivity with reaction contact time can be 
assigned to the variation of catalyst degree of reduction with contact time; in analogy to 
the effect of reaction temperature discussed earlier. Longer contact times between the 
catalyst and reactant at any given propane injection yield higher consumption of catalyst 
lattice oxygen; resulting in higher degree of catalyst reduction for the subsequent 
injections. On the other hand, and as a complementary evidence of this view, the product 
combustion selectivity (COx), shown in Figure 5.24 (b,d,e), display a gradual decrease 
with increasing reaction time . This demonstrates that the limited availability of lattice 
oxygen attained with the higher degree of reduction at higher reaction contact times 
favour higher propane and lower combustion product selectivities. 
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Figure 5.24: Influence of contact time on propane conversion, propylene and COx selectivities 
over: (a,b) 5%V, (c,d) 7% V and (e,f) 10%V  catalyst samples (T=550 oC, C3H8 
injected= 10 ml, catalyst loaded = 0.76g). Data points are the average values of 10 
successive injections excluding the first injection on fully oxidized (fresh) catalyst. 
Error bars correspond to standard deviation of three repeat. 
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5.3.4 Reactivity and Stability of VOx/ γ-Al2O3 Catalysts during Multiple 
ODH Reduction Cycles 
 Having obtained encouraging results in the CREC Riser Simulator and to be able 
to assess catalyst stability, the prepared VOx/γ-A12O3 catalysts were evaluated over 
multiple ODH runs through consecutive reaction/regeneration and reduction cycles. 
 Figure 5.25-(a,b) reports propane conversion and products selectivities for 
successive-injection propane ODH runs over various VOx/ γ-Al2O3 catalysts with no 
catalyst regeneration in between injections (pulses). It can be observed in Figure 5.25-(a) 
that the conversion of propane is highest in the first injection for all catalysts, and then 
decreases with increasing number of propane injections. As no molecular oxygen is fed 
with the injection, the catalyst is believed to supply oxygen for the ODH reaction. 
Following the first injection, propane conversion declined drastically from 58.89, 76.51 
and 81.98 to 12.53, 14.44 and 16.44% and then they had a further gradual decrease to 
11.53, 12.43 and 13.63% with subsequent propane injections over the 5%VOx/ γ-Al2O3, 
7%VOx/ γ-Al2O3 and 10%VOx/ γ-Al2O3 catalysts samples, respectively. So, it is plausible 
to suggest that the decrease of propane conversion over VOx/ γ-Al2O3 catalysts mainly 
resulted from the consumption of the reactive lattice oxygen species present on the 
catalyst with propane injections. Moreover, it can be seen for all catalysts that the first 
injection also has very low propylene selectivity and high COx selectivity. 
 As discussed earlier in single-injection propane ODH experiments, fully oxidized 
VOx/ γ-Al2O3 catalysts are considered non-selective ones for ODH reaction as seen from 
the results obtained at the first injection. When the catalyst is in a fully oxidized state, 
there is higher population of non-selective surface oxygen species which is more likely to 
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promote the deep oxidation of hydrocarbons to carbon oxides. Those non-selective 
oxygen species could be formed due to either the loosely bound lattice oxygen or the 
adsorbed oxygen from the regeneration step which could have remained on the VOx/ γ-
Al2O3 catalyst surface.  
 However, following the first propane injection, the selectivities for propylene 
increase with propane injections showing stable values at around 92, 82.2 and 76.1% over 
the 5%VOx/ γ-Al2O3, 7%VOx/ γ-Al2O3 and 10%VOx/ γ-Al2O3 catalysts samples, 
respectively. On the other hand, selectivities for COx decrease with propane injections 
and this seems to indicate that a certain degree of catalyst reduction is required in order to 
obtain good propylene selectivity. In this regard, a selective catalyst surface would be 
obtained only after the adsorbed oxygen had been consumed by the first propane injection 
which is evident from the subsequent propane injections where the selectivity to 
propylene increases with the number of propane injections while that for combustion 
products (COx) decreases. 
 These findings prove that in consecutive ODH reactions without catalyst 
regeneration in between (oxygen-free environment), propane can be converted selectively 
to propylene. This occurs due to the lattice oxygen involvement in the ODH reaction 
mechanism. One can also notice that following the first ethane injection (first pulse), the 
catalyst tested displays a stable performance in terms of ethane conversion and ethylene 
selectivity even after ten successive reduction runs. 
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Figure 5.25:  Propane conversion, Propylene and COx selectivities over various VOx/γ-Al2O3 catalysts in 
the CREC Riser Simulator. (T= 550 
o
C, C3H8 injected= 10 ml, reaction time=20 s, catalyst 
loaded = 0.76g).(a,b) Consecutive ODH runs without catalyst re-oxidation in between 
propane pulses, (c,d) consecutive ODH runs with catalyst re-oxidation in between propane 
pulses.  Error bars correspond to standard deviation of three repeat. 
 
 Figure 5.25-(c,d) reports a second set of experiments involving repeated ODH 
reaction-regeneration cycles at 550 
0
C over the various VOx/ γ-Al2O3 catalysts. This set of 
experiment is similar to the single-injections propane ODH experiments discussed earlier 
but with 10 repeated reaction/regeneration cycles over each catalyst sample. Catalyst 
regeneration was conducted by flowing air at 550 
o
C over the catalyst after each propane 
injection (pulse).  Results show that propane conversions and product selectivity remain 
stable during the different runs with the following trends observed:  
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a) Propane conversion staying at the 60, 73.2 and 80.1% levels over the 5%VOx/γ-
Al2O3, 7%VOx/ γ-Al2O3 and 10%VOx/ γ-Al2O3 catalysts samples, respectively. 
b) Propylene selectivities being close to 2.1, 0.93 and 0.57% levels over the 
5%VOx/γ-Al2O3, 7%VOx/ γ-Al2O3 and 10%VOx/γ-Al2O3 catalysts samples, 
respectively. 
c) COx remaining stable at 88, 90 and 93% levels over the 5%VOx/γ-Al2O3, 
7%VOx/γ-Al2O3 and 10%VOx/γ-Al2O3 catalysts samples, respectively. 
 
  Propylene and COx selectivities are in clear contrast with the ones reported in 
Figure 5.25-(a,b) for consecutive ODH runs  and show that formation of the CO and CO2 
is promoted by gas phase oxygen introduced for the catalysts regeneration.  This obtained 
low propylene selectivities and higher COx selectivities at any given propane conversion 
during the repeated cycles of single injection ODH experiments can be related to both the 
amount and type of surface oxygen species available on the fresh catalyst surface. Excess 
amount of surface oxygen as well as the existence of non-selective oxygen species on the 
fresh catalysts surfaces is believed to favor the conversion of propane and the produced 
propylene into combustion products.  
 In view of the above, it can be concluded that fully oxidized (fresh) VOx/γ-Al2O3 
catalysts are active but not selective ones for propane ODH reactions. This could be 
attributed availability of excess (non-stoichiometric) amount of oxygen species on the 
catalysts surface that could be either a loosely bound lattice oxygen or weakly adsorbed 
oxygen species produced from gas-phase O2 during the pre-treatment and the 
regeneration steps. Both types of oxygen species participate in the total oxidation of 
propane and propylene product.  
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 Thus, one can conclude that the performance of the various VOx/γ-Al2O3 catalysts 
of the present study is affected considerably by both by ODH operation conditions and 
catalyst regeneration. It appears that consecutive reaction injections (pulses) are a 
preferred mode of operation for ODH.  As a result regeneration shall only be allowed 
once this series of consecutive reaction cycles is completed. One can, for instance, 
envision that this is equivalent to operating a twin circulating fluidized reactor process 
(reactor-regenerator), where the following occurs: a) most of the catalyst stream leaving 
the reactor is returned to the ODH unit directly; b) only a small fraction of the catalyst 
stream is directed towards the regenerator. This operational strategy can allow the 
functioning of industrial scale ODH processes with high propylene selectivities, under 
conditions close to the ones reported in Figure 5.25-(a,b).  
5.3.5 Reactivity and Structure of the Catalysts: Discussion 
 The performance of various catalysts for propane ODH reactions depends on a 
variety of factors:  the nature of the active metal, type of support material, surface acidity 
of the catalyst, catalyst surface area and the degree of active metal dispersion on the 
catalyst surface. The present study focuses on the comparison of results of propane ODH 
in CREC Riser reactor simulator over various VOx/γ-Al2O3 catalysts with different 
vanadium metal loadings. It is the objective of this section to highlight their different 
characterization results and relate them to their performance in propane ODH reaction. 
5.3.5.1 Effect of Vanadium Loading and Reducibility on the Catalytic Activity 
 As described in the Chapter 2 of this dissertation, the structure of dispersed VOx 
species on γ-Al2O3 support depends on the VOx surface density. With this regard, propane 
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oxidative dehydrogenation was investigated over the prepared VOx/γ-Al2O3 catalysts to 
determine the relative contribution of isolated and polymeric surface VOx species in the 
ODH reaction. Thus, the observed catalytic activity of those catalysts for propane ODH 
can be related to their surface density. As discussed earlier in this chapter, the surface 
densities corresponding to theoretical monovanadate and polyvanadates monolayer 
coverage were found to be as 2.9 and 8.8 V atoms /nm
2
, respectively. The values of 
surface densities for all the prepared VOx/γ-Al2O3 catalyst used in this study were found 
to be 3.1, 4.6 and 7.7 V atoms/nm
2
 for the 5% VOx/γ-Al2O3, 7% VOx/γ-Al2O3 and 10% 
VOx/γ-Al2O3 catalyst samples, respectively.  These values are between 2.9 and 8.8 V 
atoms/nm
2
 values for theoretical monolayer coverage of monovanadate and 
polyvanadates, respectively. This allows us to argue that the catalysts of the present study 
are likely to be in the monolayer coverage configuration which is below the upper limit 
for theoretical polymeric vanadia monolayer coverage at which crystalline V2O5 surface 
species start forming. For such surface density range, VOx species exist simultaneously as 
isolated vanadate species (monovanadate) and polymeric vanadate species 
(polyvanadates) with a variation in their fractions as shown in Figure 5.26.  
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Figure 5.26: VOx surface density of various VOx/γ-Al2O3 catalysts. 
 
 The catalytic behaviour of VOx/ γ-Al2O3 catalysts in propane ODH reaction has 
been reported in the technical literature as being a strong function on vanadium loading 
and hence on vanadium surface density (Bell et al. 1999; Blasco and López-Nieto 1997; 
Heracleous et al. 2005; Lemonidou et al. 2000; López-Nieto 2006; Mattos et al. 2002; 
Schwarz et al. 2008; Wachs and Weckhuysen 1997). At low vanadium loading (lower 
VOx surface density); a highly dispersed amorphous vanadate phase is formed whose 
structure changes from isolated VO4 species (monovanadates) to polymeric VO4 species 
(polyvanadates) at medium loading until the monolayer coverage is achieved with 100% 
polymerized species at monolayer surface coverage. Thus, the observed activities and 
selectivities towards different products obtained during propane ODH over the various 
VOx/γ-Al2O3 catalysts can be further related to their surface density. This would allow the 
determination of the relative contribution of isolated and polymeric surface VOx species 
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for this catalytic reaction. In order to do this, initial propane ODH rate (normalized per 
gram of catalyst) were compared for all the catalysts used. 
In this respect, one can calculate the initial average reaction rate (per gram of catalyst) of 
propane ODH using the following equation: 
                                    )
s.g
mol
(
t
X
W
N
r
propane
cat
o
propane'
ODH                                         (5.6) 
 
where, opropaneN  is the number of moles of propane injected in each run into the CREC 
Riser Simulator, propaneX  is the conversion of propane, catW  is the weight of catalyst used 
and t  is the reaction time.   
 
 Figure 5.27-(a) reports initial propane ODH rates as a function of vanadium 
surface density at different reaction temperatures. As shown in Fig. 5.27-a for all 
temperatures, ODH rate increased with increasing VOx surface density suggesting that 
polyvanadate surface species, which are more dominant at higher VOx surface densities, 
are more active than monovanadate species. This type of dependence is expected as the 
catalysts used in this work are all in the sub-monolayer VOx surface coverage as shown in 
Figure 5.26. It is expected that initial propane ODH rate will increase with VOx surface 
density until monolayer surface coverage ( ~ 8.8 VOx/nm
2
) is reached, a after which a 
decrease in initial propane ODH rate would start with further increase in VOx surface 
density. This decrease in propane ODH rate with VOx surface density above monolayer 
coverage has been attributed to the formation of crystalline V2O5 nanoparticles which 
would decrease the number of exposed catalytic active sites (Bell et al. 2002a; Martinez-
Huerta et al. 2006). 
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Figure 5.27: Effect of VOx surface density on (a) propane ODH (per g-catalyst) (b) propylene and COx 
formation rates (per g-catalyst) over VOx/ γ-Al2O3 catalysts (Reaction time= 20 sec, C3H8 
injected= 10 ml, catalyst loaded = 0.76g). Error bars correspond to standard deviation of three 
repeats. The reported values are the average of 10 consecutive runs. 
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Furthermore, Figure 5.28 describes the influence of VOx surface density on 
products selectivities during propane ODH over VOx/ γ-Al2O3 catalysts. It can be seen 
that at all reaction temperatures, the sample with the lowest vanadia surface density (3.1 
VOx/nm2) and containing predominately monovanadates surface species shows the 
highest propylene selectivities. However, increasing vanadia surface density yields 
decreasing propylene and increasing COx selectivities.  
 These results are in well agreement with the initial rates of formation of propylene 
and COx (per gram of catalyst) reported in Figure 5.27-(b). It is shown in Figure 5.27-(b) 
that the initial rate of formation of propylene (per gram of catalyst) was almost 
independent on VOx surface density while the initial rate of formation (per gram of 
catalyst) of COx increases with VOx surface density. So, the decreasing propylene 
selectivities shown in Figure 5.28 with VOx surface density are due to the formation of 
more COx with increasing VOx surface species. This increase in COx formation with VOx 
surface density can be attributed to the excess surface oxygen species available at higher 
loading. These findings provide further evidence of the role assigned to the polyvanadates 
species as being more active but less selective than monovanadate. With this increased 
activity of polyvanadate species, more oxygen species are available for the ODH reaction 
resulting in reduced propylene and increased COx selectivities as shown in Figure 5.28.  
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Figure 5.28: Dependence of propylene and COx selectivities on VOx surface density for VOx/γ-Al2O3 
catalysts.  
 
 The reactivity variation of different types of VOx surface species (monovanadate 
vs. Polyvanadates) could also be explained from their ease-of-reduction. Early in this 
section, H2-TPR were used to determine the extent of reduction of each catalysts used in 
this study and the obtained % reductions were 81.3, 83.1 and 99.2% for the 5% VOx/ γ-
Al2O3, 7% VOx/ γ-Al2O3 and 10% VOx/ γ-Al2O3 catalysts, respectively. It appears that the 
reduction of V
5+
 species, and (V-O-Al) bond in the monomeric VOx surface species are 
more difficult to reduce than the (V-O-V) or (V=O) bonds in the polymeric VOx surface 
species. As propane ODH reaction involves a reduction cycle over the VOx/ γ-Al2O3 
catalysts, this can explain the improved initial specific propane ODH rate with increasing 
the VOx surface density and this as a result of formation of easy-to-reduce VOx surface 
species. Previous studies (Blasco et al. 1997; Chen et al. 2002; López-Nieto et al. 1999) 
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have suggested that the higher propane ODH rates observed on supported metal oxide 
catalysts depend on their reducible nature and it was found that for a given metal oxide ( 
e.g. VOx, Mo W, or Nb),  propane turnover rates increased as the reduction rate of the 
oxide catalyst using H2 increases.  
 The results obtained in the present study with regard to reactivity-structure of 
VOx/γ-Al2O3 catalysts for propane ODH are in good agreement with several previously 
reported studies for supported vanadium oxide catalysts in propane ODH (Bell et al. 
2002a; Khodakov et al. 1999; Tian et al. 2006). In all these studies, it was found that 
specific propane reaction rate (expressed in turnover frequency TOF) in ODH augments 
with increasing VOx surface density. This indicated that the polyvanadate phase is more 
active than the monovanadate phase. This variation in ODH catalytic activity with VOx 
surface density was attributed to the different contributions of lattice oxygen atoms in the 
bridging (V-O-V) bonds in the polymeric surface VOx species, the terminal (V=O) bond 
in the isolated (monomeric) VO4 surface species or the bridging (V-O-Support) bond 
available at a given VOx surface density on a specific type of support.  
 In view of the above mentioned discussion, our study provides strong evidence, 
however, that monovanadate structures are significantly less active than polyvanadates 
for oxidative dehydrogenation of propane over VOx/Al2O3 catalysts. Normalizing the 
initial ODH per gram of catalyst allowed us to determine their relative contributions in 
propane ODH. Initial propane ODH rates per gram of catalyst were found to increase 
with increasing VOx surface density in the sub-monolayer surface coverage range used in 
all catalysts. On the other hand, the initial rate of formation of propylene (per gram of 
catalyst) was found to be constant with increasing VOx surface density while the initial 
rate of formation (per gram of catalyst) of COx was found to increase with VOx surface 
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density. This is well viewed in the decreasing propylene selectivity with VOx surface 
density as more COx are formed. This increase in COx formation with VOx surface 
density is attributed to the excess activity of surface oxygen species available at higher 
loading. So, it is plausible to conclude that both the bridging (V-O-V) bonds found in the 
polymeric VOx surface species, which are favored at high vanadium surface density, and 
the terminal (V=O) bond found in the isolated (monomeric) VO4 surface species are the 
active sites for oxidative dehydrogenation of propane on VOx/Al2O3 catalysts. Similar 
findings were reported by Volta et al. and Oyama et al.  (Oyama 1991; Volta et al. 1994) 
for propane ODH over VOx/Al2O3 and VOx/SiO catalysts, respectively. However, in the 
context of the present study, no information could be depicted about the reactivity of the 
(V-O-Support) as γ-Al2O3 support was the only type of support used.   
 In summary, it is proven in the present study that in the absence of gas phase 
molecular oxygen, propane could be converted with high selectivity towards propylene 
via the contribution of lattice oxygen. Such high propylene selectivity is achieved via the 
design of catalyst with carefully selected properties such as acidity, reducibility and 
fraction of active phase (i.e. more active polyvanadate phase verses the selective 
monovanadate phase).  With this being accomplished and based on the promising propane 
ODH results obtained in the present study in the CREC Fluidized-Bed Riser Simulator, 
possible industrial propane ODH application and scale up can be envisioned. 
5.3.5.2 Effect of Surface Acidity on the Catalytic Activity 
 Besides the influence of the surface density of VOx surface species on catalytic 
performance of V-based catalysts in propane ODH reaction, their catalytic performance 
can be further affected by other properties such as reducibility, surface acidity and 
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dispersion of VOx species (Bars et al. 1992; Blasco et al. 1997; Kondratenko, Cherian, et 
al. 2006). Thus, the importance of the acid character of the various VOx/γ-Al2O3 catalysts 
will be discussed to explain their catalytic properties during the oxidative 
dehydrogenation of propane. Several studies in the literature have shown that the 
contribution of the acid-base character of supported vanadium oxide catalysts can 
originate from either the type of support, the type of alkane feed or the Vanadium loading 
(VOx surface density).  
The investigation of the catalytic properties of vanadia supported catalysts in 
propane ODH by Corma and coworkers (Corma et al. 1992) showed that more selective 
catalysts were obtained on basic metal oxide supports. It was concluded that basic sites 
enhances the fast desorption of the produced olefins from the catalytic surface, resulting 
in higher selectivities.  
Moreover, different types of supports with different acid-base characters were 
found to control the reactivity of the active metal sites by forming different vanadium-
oxygen bonds with different activity of oxygen species in these bonds (Deo and Wachs 
1994; Wachs and Weckhuysen 1997). It is known as well that the acid-base character of a 
hydrocarbon decreases as the number of carbon atoms and/or the degree of saturation 
decrease. Thus, it was concluded in a study by Kung et al. (Kung et al. 1993) that in order 
to limit the interaction of the produced alkene in ODH reactions with the catalytic surface 
and preserve them from further degradation,  stronger basic catalysts are required for less 
acidic alkenes. In the context of the present study, the discussion will be only limited to 
the effect of the vanadium loading on the acid-base character as only one type of support 
(Al2O3) and  one alkane feed (propane) were used.  
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 NH3-TPD was used to characterize the acidity of the various VOx/Al2O3 catalysts 
used. Figure 5.29 shows the variation of catalysts total acidity with the VOx surface 
density. It can be seen that a drastic decrease is achieved in γ-Al2O3 support acidity upon 
vanadium oxide loading. This decrease in acidity of the γ-Al2O3 support is thought to be  
due to the change in number and type of acid sites from that associated with γ-Al2O3 
(mainly Lewis sites) to that associated with vanadium oxide (mainly Brönsted sites). 
However, it is observed also that increasing the vanadium loading resulted in increased 
acidity of the catalyst samples, which could be also attributed to the increase in number of 
Brönsted acid sites. Similar results have been reported in literature on the acidity and the 
evolution of different types of acid sites on the surface of supported VOx catalysts.   
In a study by Martinez-Huerta et al. (Martinez-Huerta et al. 2006), Pyridine 
chemisorption-IR studies on VOx/Al2O3 catalysts revealed that The bare Al2O3 support 
only possesses surface Lewis acid sites. Loading VOx surface vanadia species to the 
Al2O3 support progressively titrate its surface Lewis acid sites. The increase in the VOx 
surface density was paralleled with a growth of surface Brønsted acid sites. Similar 
results were also reported by Blasco et al. (Blasco and López-Nieto 1997) 
 Moreover, it was found in a study by (Datka et al. 1992; Miyata et al. 1988) that 
the formation of VOx surface species on oxide supports such as γ-Al2O3 and TiO2 is 
accompanied by a decrease in the number of surface Lewis acid sites and an increase in 
the number of surface Brönsted acid sites.  
 In another study by (Zou et al. 2003), the surface acidity of SiO2, γ-Al2O3 and 
TiO2 supported vanadia catalysts was studied by the microcalorimetry and infrared 
spectroscopy using ammonia as the probe molecule. It was found that the surface acidity 
of supported vanadia catalysts is strongly affected by the dispersion and surface structure 
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of vanadia surface species, the nature of supports and vanadium loading. In addition, 
microcalorimetric studies of NH3 adsorption showed a gradual decrease in the heat of 
ammonia adsorption and ammonia coverage with the addition of VOx on γ-Al2O3 support 
and continued to decrease with increasing the vanadium loading. This implies that added 
VOx species covers some strong Lewis acid sites of the γ-Al2O3 support and the increased 
vanadium loading results in the formation of more Brönsted sites.     
 
Figure 5.29: Variation of catalyst acidity with VOx surface density of the various VOx/γ-Al2O3 catalysts. 
 
  
 Parallel to the increase in surface acidy of the catalysts with VOx surface density, 
initial propane ODH rate (normalized per gram of catalyst) was found to increase with 
VOx surface density while propylene selectivity was found to decrease. So, a relation 
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can be concluded that a higher acid character of the VOx/ γ-Al2O3 catalysts would 
contribute to the lower selectivity of these catalysts during the ODH of propane. 
5.4 CONCLUSIONS 
 On the basis of the data and results obtained for the characterization of the γ-Al2O3 
supported vanadium oxide (VOx/γ-Al2O3) catalysts and their reactivity for ODH, the 
following are the main conclusions: 
a) A new VOx/γ-Al2O3 catalyst for propane ODH with carefully selected properties 
such as acidity, reducibility and fraction of active phase (i.e. more active 
polyvanadate phase verses the selective monovanadate phase) was developed. 
This catalyst was characterized using BET surface area analysis and showed a 
moderate decrease in the total surface area of the catalyst after vanadium loading 
on the calcined γ-Al2O3 support.  
b) It was shown that the VOx surface structure, reducibility and acidity of the 
developed catalyst depend on vanadium loading. Monomeric VOx surface species 
were identified as dominant species at low vanadium loadings while polymeric 
VOx species were observed at higher loadings. As well, it was noticed that the 
polymeric surface VOx species were more reducible and display higher 
abundance of Brønsted acidity than the isolated VOx species. 
c) It was proven that the prepared VOx/γ-Al2O3 catalyst displays good propane 
conversions (11.73%-15.11%) with promising propylene selectivity (67.65-
85.89%) at 475-550 0C. This was demonstrated in a CREC fluidized-bed Riser 
Simulator under consecutive propane injections. It was found that recently 
regenerated VOx/ γ-Al2O3 catalysts are active however not selective for propane 
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ODH conversion. On the other hand, it was proven that the VOx/ γ-Al2O3 catalysts 
following the second and subsequent propane injections yield steady high 
propylene selectivities in ODH. This promising propylene selectivity was attained 
under oxygen free atmosphere with a controlled degree of catalyst reduction via 
the contribution of VOx/γ-Al2O3 lattice oxygen.  
d) It was observed that normalizing the initial ODH rate per gram of catalyst allowed 
determining the relative contributions of different types of VOx surface species 
(monovanadates vs. polyvanadate) in propane ODH. The increasing initial 
propane ODH rate with vanadia surface density in the sub-monolayer region 
demonstrates that monomeric VOx surface species are significantly less active 
than polymeric VOx surface species for oxidative dehydrogenation of propane 
over VOx/Al2O3 catalysts. 
e) It was proven that propylene selectivity generally increases with increasing 
reaction temperature and with decreasing vanadia surface density. Therefore, the 
highest propylene yield are obtained on catalysts containing isolated 
monovanadates and operated at the highest possible reaction temperature 
consistent with the avoidance of homogeneous reactions.  
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CHAPTER 6 
KINETIC MODELING OF PROPANE ODH over VOx/γ-Al2O3 
CATALYSTS 
6.1 Introduction 
 The present chapter reports the kinetic modeling of oxidative dehydrogenation of 
propane on VOx/γ-Al2O3 catalysts. First, a proposed reaction mechanism for propane 
ODH is reported. This is done by stating and justifying the main assumptions of the 
proposed heterogeneous kinetic model. Based on the proposed heterogeneous kinetic 
model assumptions, the resulting system of partial differential equations is established. 
Following this, the results of the kinetic modeling including the various determined 
kinetic constants, adsorption constants, and activation energies are reported and 
discussed. Finally, the implications of the developed kinetic model and calculated kinetic 
parameters for ODH are reviewed and discussed.  
6.2 Propane ODH Reaction Network 
 Light paraffins oxidative dehydrogenation to their corresponding olefin involves a 
complex reaction network. This reaction network involves competitive reactions taking 
place simultaneously. In such system, oxygen supply plays an important role.  This is the 
case as the reaction rates for both olefin production and reactants/products combustion 
reactions are strongly influenced by oxygen concentration. Thus, and optimized oxygen 
concentrations is required in order to maximize selectivity toward the desired olefin 
products.   
Propane ODH involves a network of consecutive and parallel reactions; namely:  
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1) Oxidative dehydrogenation conversion of propane 
2) The primary and undesired combustion of propane feed. 
3) The secondary combustion of propylene product.  
Expressed in terms of chemical formulae, these reactions can be written as 
 
OHHCOHC 263283
2
1
                                                                                          (6.1) 
OHCOOxHC x 2283 43)43(
2
1
                                                                            (6.2) 
OHCOOxHC x 2263 33)33(
2
1
                                                                            (6.3) 
 
with the latter two reactions (6.2 & 6.3) being the limiting ones for propylene selectivity 
and yield during propane ODH.  
Many studies have investigated the reaction mechanism of propane ODH over 
supported vanadium oxide catalysts (Balcaen et al. 2009; Blasco and López-Nieto 1997; 
Bottino et al. 2003; Dinse et al. 2008; Grabowski 2004a; Grabowski et al. 2002; 
Khodakov et al. 1999; Rao and Deo 2007; Routray et al. 2004b). In these studies, it is 
generally agreed that as propane conversion increases, the selectivity towards the desired 
propylene decreases. Thus, a significant fraction of the propane and/or propylene is 
unselectively converted into carbon oxides.  
 Based on the product distribution results reported in Chapter 5 of this thesis, the 
variation of products selectivities with propane conversion is shown in Figure 6.1 for the 
various VOx/γ-Al2O3 catalysts. It is apparent from Figure 6.1 that propylene selectivity is 
inversely related to the propane conversion with this being true for each VOx catalyst 
studied.  
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Furthermore, the decrease in propylene selectivity with a corresponding increase 
in COx selectivities shows that propylene is the primary reaction product of the propane 
ODH while COx is the secondary product of the consecutive oxidation of propane feed ad 
propylene product.  
 
Figure 6.1: Propylene selectivities (filled symbols) and COx selectivities (empty symbols) as a function of 
C3H8 conversion (C3H8 injected= 10 ml, contact time= 20 sec, catalyst loaded = 0.76g). Error 
bars correspond to standard deviation of three repeat (data reported for 10 consecutive pulses 
without catalyst regeneration in between).  
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 Based on the observed dependence between propane conversion and product 
selectivities for propane ODH, a parallel-series “triangular” reaction network is proposed 
in this study as described in Figure 6.2.  
The proposed reaction network assumes that propane feed reacts with lattice 
oxygen promoting two parallel reactions. One of the possible reactions is the formation of 
the desired propylene product via ODH, with a rate constant k1. Alternatively, propane 
can be competitively converted forming combustion products (COx), with a rate constant 
k2. Finally, the formed propylene may also follow a secondary reaction step leading to the 
formation of combustion products (COx), with rate constant k3.  
 
C3H8 C3H6
COx
k
1
k
3k2
 
Figure 6.2: Proposed reaction network for propane ODH over VOx/γ-Al2O3 
catalysts in a CREC Riser Simulator. 
 
6.3 Kinetic Model Development 
 Kinetic studies for short chain alkane (ethane, propane and butane) ODH have 
been the subject of  significant number of papers in the open literature (Al-Zahrani et al. 
2012; Balcaen et al. 2009; Bell et al. 2002b, 2009; Bottino et al. 2003; Chen et al. 1999; 
Chen, Iglesia, et al. 2000, 2001; Creaser and Andersson 1996a; b; Creaser et al. 1999a; 
Dinse, Khennache, et al. 2009; Gascón et al. 2006; Grabowski and Sloczynski 2005; 
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Grabowski 2006a; Grabowski et al. 2002; Heracleous and Lemonidou 2006a; Klose et al. 
2004; Kumar et al. 2008; Late and Blekkan 2002; Lemonidou and Heracleous 2006; 
Lemonidou 2001; Lemonidou et al. 2004; Leveles 2003a; Machli et al. 2006; Rahman et 
al. 2010; Ramos et al. 2001; Rao and Deo 2007). These contributions use different kinetic 
models such as the Langmuir–Hinshelwood, the Eley–Rideal or the Mars-van Krevelen 
models.  It is important to mention that the proposed kinetic models in these studies have 
been based on experiments involving co-feeding of hydrocarbon species and molecular 
oxygen to the reaction unit. Only few studies among the above mentioned studies have 
considered propane ODH in the absence of gas phase oxygen and only few of them 
reported data on kinetic investigations (Balcaen et al. 2009; Creaser et al. 1999a; b; 
Fukudome et al. 2011b; Grabowski et al. 2002; Leveles 2003b; López-Nieto et al. 1999; 
Sadykov et al. 2000; Stern and Grasselli 1997; Yoon et al. 1995; Zhao et al. 2005).  
 However, in cases such as the one of the present study, where propane ODH is 
carried out in the absence of gas phase oxygen with lattice oxygen only, it can be 
postulated that the catalyst oxygen content has to be included in the kinetic model. It can 
also be hypothesized that lattice oxygen has to be accounted for at every step of the ODH 
reaction. This is important to be able to describe propane conversion and propylene 
selectivity changes.  
To accomplish this, catalyst oxygen content is expressed using a time dependant 
degree of oxidation (% oxidation). This time dependant degree of oxidation can be 
defined as the ratio of oxygen content left after the ODH reaction over the original 
oxygen content of the catalyst before the ODH run.  
The catalyst degree of oxidation is expected to decrease during the ODH reaction. 
This is especially true as in the case of the present study, if one does not allow catalyst re-
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oxidation, or replenishment of the lattice oxygen by gas-phase molecular oxygen in 
between ODH reaction cycles. 
 A possible approach to kinetic modeling using lattice oxygen available during 
oxygen-free ODH reactions is the use of an exponential decay function based on 
converted propane. This type of activity decay function, is similar to the one initially 
proposed by de Lasa and Al-Khattaf (de Lasa and Al-Khattaf 2001) for FCC catalytic 
activity decay, Hossain et al. (Hossain et al. 2012) for ethylbenzene dehydrogenation to 
styrene and recently by Al-Ghamdi et al (Al-Ghamdi, Volpe, Mohammad M. Hossain, 
and de Lasa 2013) for ethane ODH reaction, and it can be written  as follows:  
                                              )](exp[
83HC
X                                                          (6.4) 
where   is the catalyst’s degree of oxidation, λ is a constant and X is the propane 
conversion. The main advantage of this function is that it accounts for the effects of 
reaction conditions (temperature, concentration and contact time) on the change of 
catalysts’ degree of oxidation.  
 The choice of the kinetic model is very important in kinetic analysis. With this in 
mind, a Mars van Krevelen (MVK) mechanism is considered in the present study. This 
model is generally accepted for oxidative dehydrogenation reactions over vanadia 
catalysts involving the participation of VOx lattice oxygen species. According to our 
proposed MVK mechanism for propane ODH reactions, the catalyst is reduced by the 
reaction of the adsorbed propane with catalyst lattice oxygen to produce propylene 
molecules and carbon oxides. Moreover, adsorbed propylene product on the catalysts 
surface can further react with lattice oxygen producing carbon oxides.  Gas phase oxygen 
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can be intermittently introduced when several propane injections are completed to 
replenish the lattice oxygen by re-oxidation of the catalyst.  
As a result, the following six step mechanism is proposed as shown below with 
[VO
*
] representing lattice oxygen in an oxidized site and [V
*
] denoting a surface oxygen 
vacancy in a reduced site: 
i) Propane adsorption on a reduced site [V] on the catalyst surface: 
         C3H8 + [V*] (s)   83
HCK
C3H8-[V*] (s)                                                                (6.5) 
ii) Formation of propylene (r1) via surface reaction of adsorbed propane with lattice 
oxygen in an oxidized site [VO*] via H-abstraction: 
         C3H8-[V*] (s) + 2[VO*] (s)  1
k
C3H6-[V*] (s) + H2O-[V*] (s) 
+
 [VO*] (s)            
(6.6) 
iii) Desorption of adsorbed propylene from a reduced site: 
          C3H6-[V*] (s)   63
HCK
C3H8 (g) + [V*] (s)                                                           (6.7)                                          
iv) Formation of COx from propane (r2) via the reaction of adsorbed propane with lattice 
oxygen yielding COx: 
          C3H8-[V*] (s) + (4+3x) [VO*] (s)  2
k
3COx(g)+ 4H2O (g) + (5+3x) [V*] (s)        (6.8) 
v) Formation of COx from propylene (r3) via further reaction of adsorbed propylene 
with lattice oxygen  producing COx 
         C3H6-[V*] (s) + (3+3x) [VO*] (s)  3
k
3COx (g) + 3H2O (g) + (4+3x) [V*] (s)    (6.9) 
vi) Re-oxidation of the reduced metallic center by molecular oxygen: 
         O2+ 2 [V*]  [VO*] + [VO*]                                                                      (6.10) 
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 Based on MVK mechanism, the rate equations corresponding to each surface 
reaction in the above steps, (i.e. r1, r2 and r3) are expressed as follows: 
)1(
8311
  HCkr                                                                                                        (6.11)           
)1(
8322
  HCkr                                                                                                        (6.12)           
)1(
6333
  HCkr                                                                                                        (6.13)           
where ir  is the reaction rate (mol/g.sec), ik  is the reaction rate constant (mol/g.sec), i is 
the surface coverage of adsorbed species ‘i’ and  is the catalysts degree of reduction.  
The surface coverage i  is given by Langmuir-Hinshelwood (L-H) formulation as: 
2
63638383
8383
83 )1( HCHCHCHC
HCHC
HC
CKCK
CK

                                                                   (6.14) 
2
63638383
6363
63 )1( HCHCHCHC
HCHC
HC
CKCK
CK

                                                                   (6.15) 
Where iK is the adsorption constant (cm
3/mol) of species “i” and iC  is the concentration 
(mol/cm
3) of species “i”.  Moreover, given the proposed decay model for the catalyst’s 
degree of oxidation () in equation (6.4),   can be related to  as: 
  )1(                                                                                                                       (6.16) 
By substituting equations (6.14), (6.15) and (6.16) into equations (6.11), (6.12) and 
(6.13) the following rate equations based on the proposed reaction network in Figure 6.2 
are obtained:.  
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)](exp[
)1( 832
63638383
83831
1 HC
HCHCHCHC
HCHC
X
CKCK
CKk
r 

                                               (6.17) 
)](exp[
)1( 832
63638383
83832
2 HC
HCHCHCHC
HCHC
X
CKCK
CKk
r 

                                               (6.18)             
)](exp[
)1( 832
63638383
63633
3 HC
HCHCHCHC
HCHC
X
CKCK
CKk
r 

                                               (6.19) 
 
One can observe that in the various rate equations considered, the rate of reaction is 
related to both the adsorption of the chemical species and the degree of catalyst oxidation.  
 Furthermore using these rate equations, one can establish the overall rate of 
consumption and/or formation of components. This can be accomplished on the basis of 
the algebraic addition of reaction rates consistent with the reaction network given in 
Figure 6.2. Based on this, the following rate equations could be established for each 
component in the propane ODH reaction network: 
 
Rate of Propane Consumption: 
)]X(exp[
)CKCK1(
CK)kk(
)rr(r
83
63638383
8383
83 HC2
HCHCHCHC
HCHC21
21HC 


                    (6.20) 
Rate of Propylene Formation: 
)](exp[
)1(
)()(
832
63638383
6363383831
3163 HC
HCHCHCHC
HCHCHCHC
HC X
CKCK
CKkCKk
rrr 


                         (6.21) 
Rate of COx Formation: 
)](exp[
)1(
)()(
832
63638383
6363383832
32 HC
HCHCHCHC
HCHCHCHC
xCO
X
CKCK
CKkCKk
rrr 


                         (6.22) 
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6.4 System of Ordinary Differential Equations 
 Kinetic modelling in the CREC Riser Simulator requires species balances. Such 
species balance equations can be established on the basis of a well mixed isothermal 
batch-scale reactor (Ginsburg and de Lasa 2005; Pekediz et al. 1992). Thus, the following 
CREC Riser Simulator equation can be considered 
                                      
dt
dC
W
V
r i
c
R
i                                                                      (6.23) 
where VR is the volume of Riser Simulator (cm
3
), Wc is the weight of the catalyst (g), Ci is 
the concentration of species “i (mole/cm3) and t is the time (seconds).  
  
The concentration of any species (Ci) is related to its weight fraction (yi) as: 
                                                
Ri
hci
i
VMW
Wy
C                                                                  (6.24)   
where Whc is the total mass of hydrocarbons injected in the Riser Simulator (g), MWi is 
the molecular weight of i
th
 component (g/mole), and VR is the Riser Simulator volume 
(cm
3
). 
 After substituting equation (6.24) into equation (6.23) and after the required 
algebraic steps, the CREC Riser Simulator design equation is obtained in terms of weight 
fractions chemical species: 
                                              ir
hcW
ViMW
V
W
dt
idy R
R
c








                                              (6.25) 
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 This equation is appropriate under the conditions of the present study given that: 
a) the CREC Riser Simulator is a bench-scale isothermal well-mixed batch reactor unit 
with a high fluid gas recirculation and mixing times in the 20-30 millisecond scale 
(Pekediz et al. 1992), b) the catalyst particles operate freely from intraparticle diffusional 
transport controls. This condition is met given the small size of catalyst particles (90 
microns) and the porous structure of the fluidizable alumina used.   
 By establishing one equation as eq. (6.25) for each component, one can obtain a 
set of differential equations representing the ODH propane reaction network. This set of 
ordinary differential equations is obtained by substituting the rate equation of each 
component given in equations (6.20)-(6.22) into equation (6.25). As a result, one can 
obtain: 
For Propane: 
)]X(exp[
)CKCK1(
CK)kk(
hcW
VMW
V
W
dt
dy
83
63638383
83838383
HC2
HCHCHCHC
HCHC21RHC
R
cHC 










    (6.26) 
 
Further considering: 
                                             
RHC
hcHC
HC
VMW
Wy
C
83
83
83
                                                        (6.27) 
and: 
                                             
RHC
hcHC
HC
VMW
Wy
C
63
63
63
                                                        (6.28) 
By substituting equations (6.27) and (6.28) into equation (6.26), one can establish the 
propane consumption rate equation in the CREC Riser Simulator in terms of species mass 
fractions as: 
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        Where: 
RHC
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W
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RHC
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W
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  
For Propylene: 
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Similarly, the net rate of propylene formation in the CREC Riser Simulator can be 
evaluated in terms of mass fractions using the following equation: 
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)yKyK1(
yKkyKk
hcW
VMW
V
W
dt
dy
83
63638383
636383836363
HC2
HCHCHCHC
HCHC3HCHC1RHC
R
cHC 













   (6.30) 
        Where: 
RHC
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W
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W
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For COx: 
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As well, the net rate of COx formation in the CREC Riser Simulator can be 
evaluated in terms of mass fractions using the following equation: 
 
)]X(exp[
)yKyK1(
yKkyKk
hcW
VMW
V
W
dt
dy
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63638383
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        Where: 
RHC
hc
VMW
W
83
  and 
RHC
hc
VMW
W
63
  
 
 The system of ODE given in equations (6.29-6.31) can be solved with a selected 
set of initial conditions. This allows describing the mass fraction changes of various 
chemical species (e.g. propane, propylene and COx) with reaction time. Furthermore, to 
obtain the intrinsic kinetic parameters (activation energies (Ei) and pre-exponential 
factors (ki
o
)), the (ki) parameters in equations (6.29) to (6.31) are considered varying with 
temperature using an Arrhenius relationship given by: 
                                 



















mT
1
T
1
R
iEexpkik
o
i                                                         (6.32) 
where 
o
ik is the pre-exponential factor (mol/g.sec), iE  is the activation energy(kJ/mol), R 
is the universal gas constant, and Tm is the average temperature (K).  
To reduce the cross-correlation between the pre-exponential factors 
o
ik and the 
activation energies iE ,the ki constants were re-parameterized, as shown in equation (6.32). 
This was accomplished by centering the reaction temperature at Tm=512.5 
o
C. This 
temperature corresponds to the average reaction temperatures used in the present study as 
recommended  by Hossain and de Lasa (Hossain and de Lasa 2010).  
 In the same way and on the basis of adsorption thermodynamics, one can relate 
the adsorption constant iK  with the reaction temperature T, as: 
                                           












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
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1
T
1
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iHexpoiKiK

                                         (6.33) 
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where iH  is the heat of adsorption (kJ/mol) and 
o
iK is the pre-exponential factor 
(cm
3
/mol). Substitution of equations (6.32) and (6.33) in equations (6.29-6.31) will give a 
new set of ordinary differential equations with the intrinsic kinetic parameters (
o
ik , iE ,
o
iK  and iH ) to be estimated. 
6.5 Kinetic Parameters Estimation 
The postulated rate expressions in equations (6.29-6.31) are nonlinear with respect 
to their parameters. This is due to the fact that the parameters appear both in the 
numerator and in the denominator of the rate expressions such as in the case of the 
adsorption constant ( iK ). Therefore, the estimation of the intrinsic kinetic constants (
o
1k ,
o
2k ,
o
3k , 1E , 2E , 3E ,
o
HC 83
K , o
HC 63
K ,
83HC
H and 
63HC
H ) was developed using non-
linear least-squares regression.  The MATLAB routine “LSQCURVEFIT” was used for 
the regression analysis. The numerical integration of the system of ODE given in 
equations (6.29-6.31) and the determination of the 95% confidence intervals for each 
estimated parameter were performed using the MATLAB functions “ode113”; and 
“nlparci”, respectively. 
Experimental data at different reaction temperatures were used to evaluate reaction 
rate parameters. Moreover, an Arrhenius type of temperature-dependence function was 
used to express the specific rate constants. This was done by taking into account the 
temperature dependence of the experimental data as shown in equation (6.32).  
 The optimization criteria considered was established having the following bounds 
for the model parameters: a) rate constants and activation energies for each reaction have 
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to be positive, b) heats of adsorption (ΔHi) have to be negative.  On this basis, a minimum 
sum of squares of errors was calculated:  
                                                      i,exp  – xi,pred.)
2 
                                            (6.34)                        
 where xi,exp and xi, pred  are the mass fraction of component i obtained 
experimentally and predicted by the kinetic model, respectively.  
 Furthermore, discrimination between possible models was based on: (i) 
correlation coefficients (R
2
) ,(ii) Lower SSR (sum of the squares of the residuals) criteria, 
(iii) Lower cross-correlation coefficient (γi) and (iv) smaller individual confidence 
intervals for the model parameters.  
The values of the 10 estimated parameters along with their corresponding 95% 
confidence intervals (CI) are reported in Table 6.1 for the different VOx/ γ-Al2O3 
catalysts. It can be noticed that all the estimated parameters display a reduced and 
acceptable 95% C.I. Moreover, the ability of establishing the 10 model parameters is 
consistent with the high DOF (degree of freedom) in this analysis with 960 experimental 
data points for each catalyst sample considering three repeats for each run.  
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Table 6.1:  Intrinsic kinetic parameters for the proposed kinetic model with their 95% confidence interval 
over various VOx/ γ-Al2O3 catalysts. 
 
Parameter 
5% VOx/ γ-Al2O3  7% VOx/ γ-Al2O3  10% VOx/ γ-Al2O3 
Value 95% C.I.  Value 95% C.I.  Value 95% C.I. 
o
k
1
a
 3.17 x10
-3
 ±3.89x10
-5
  4.82 x10
-3
 ±1.00 x10
-4
  6.34 x10
-3
 ±2.68 x10
-4
 
o
k
2
 9.28 x10
-4
 ±1.52 x10
-5
  3.04 x10
-3
 ±6.76 x10
-5
  5.91 x10
-3
 ±2.30 x10
-4
 
o
k
3
 8.52 x10
-5
 ±6.78 x10
-4
  2.97 x10
-4
 ±1.67 x10
-3
  6.33 x10
-4
 ±3.06 x10
-3
 
o
HC
K
83
b
 76.72 ±0.93  51.14 ±1.01  38.34 ±1.45 
o
HC
K
63
 29.95 ±3.65  28.58 ±5.37  26.12 ±7.82 
1
E  c 124.92 ±1.33  115.08 ±0.99  109.42 ±2.52 
2
E  52.81 ±1.71  51.07 ±1.42  45.58 ±2.34 
3
E  52.54 ±8.99  52.73 ±10.94  53.75 ±17.55 
83HC
H  d 68.18 ±1.41  50.47 ±1.14  40.32 ±2.18 
63HC
H   54.59  ±8.22  56.86 ±10.80  41.60 ±12.34 
    σ e 2.15x10-4  2.65x10-4  3.90x10-4 
    M 960  960  960 
    DOF  950  950  950 
a
[mol gcat-1 s-1 ], 
b
[ cm
3
/mol] , 
c, d
[ kJ/mol],
 
cσ = )/()( 2exp pmXX estimatederimental   , where m is the 
number of data points,  p is the number of model parameters and DOF is the degree of freedom. 
 
 
 Several kinetic parameters trends regarding the effect of vanadium loading on the 
catalytic activity can be observed in Table 6.1. One can notice that the pre-exponential 
factors (k1
o
, k2
o
 and k3
o
) augment as the vanadium loading is increased.  
In view of these findings, one can consider correlating changes in the k1
o
, k2
o
 and 
k3
o
 values with the different vanadia structures present at specific vanadium loading 
though other factors may also be involved. In this respect, one can also notice that the 
increase in k1
o
 is in agreement with the experimental results. Specific initial rates of 
propane ODH were found to increase with VOx surface density suggesting that 
polyvanadate surface species, which are more dominant at higher VOx surface densities, 
are more active than monovanadate species.  
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 Similarly, the increase in the k2
o
 and k3
o
 pre-exponential factors with vanadium 
loading is also in agreement with the experimental results. It was also found that COx 
formation rates increase with VOx surface density. This can be attributed to the excess 
surface oxygen species available at higher loadings. This is also consistent with the 
decreasing propylene selectivity with VOx surface density as more COx are formed.  
 Regarding the relative magnitude of the obtained activation energies obtained as 
reported in Table 6.1, it can be noticed that COx formation activation energies (E2 and E3) 
are consistently smaller than E1. Based on this observation, one could argue that the 
obtained values are consistent with the energy diagrams reported in Figure 6.3. One can 
notice in these diagrams the major difference of the heats of reaction: COx heat of 
reaction being much larger than C3H6 heat of formation via ODH. Thus, one can also 
envision the propane ODH reaction forming propylene with activation energy larger than 
the ones for the reactions leading to COx. This explains limited ODH propylene 
selectivity at higher temperatures.   
 
 
Figure 6.3: Energy diagram for the ODH reaction: (a) propane ODH reaction forming propylene, (b) 
propane oxidation forming COx, (c) propylene oxidation forming COx. 
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  In addition, further insights into the validity of the proposed kinetic model and 
the estimated kinetic parameters could be obtained. This is done by comparing the model 
predictions for products and reactant mass fractions with experimental data. This was 
done for all the catalysts of this study as reported in Figures 6.4-6.6. It can be noted that, 
within the limits of experimental error, the model predictions compare very well with the 
experimental data. Thus, this comparison validates the adequacy of the proposed reaction 
model.  
Moreover, it can also be inferred from the parity plots reported in Figures 6.4-6.6 
for model predictions as compared to the experimental data that the data is not clustered 
in horizontal or vertical lines. Horizontal bands may be the result of changes in the 
observed conversion caused by an independent variable which is not included in the 
kinetic model. On the other hand, vertical lines are an indication of the kinetic model 
overparameterization (Jarosch et al. 2002; Moreira et al. 2012).  
 The adequacy of the estimated parameters was checked by analyzing their 
dependence on each other through the cross-correlation matrix as shown in Tables 6.2. It 
can be observed that in most cases cross-correlation coefficients are below 0.90 with only 
three of them surpassing the 0.9 value while remaining below 0.90. Hence, it can be 
concluded that the kinetic model as proposed is not over-parameterized and that the 
defined parameters can be related to physicochemical properties of the catalysts under 
study. 
 On the basis discussed above, it can be concluded that the set of adsorption and 
kinetic parameters established as well as the kinetic model developed are adequate to 
predict propane ODH reaction rates in the CREC Riser Simulator in the range of the 
operating conditions studied. 
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Figure 6.4: Comparison between experimental data and model predictions (—) over 5% VOx/ γ-Al2O3 
catalyst sample: (a) T = 475 
o
C; (b) T = 500 
o
C; (c) T = 525 
o
C; (d) T= 550 
o
C and (e) overall 
comparison between the experimental results and model predictions. (Data points reported for 
the average of three repetitions) 
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Figure 6.5: Comparison between experimental data and model predictions (—) over 7% VOx/ γ-Al2O3 
catalyst sample: (a) T = 475 oC; (b) T = 500 oC; (c) T = 525 oC; (d) T= 550 oC and (e) overall 
comparison between the experimental results and model predictions. (Data points reported for 
the average of three repetitions) 
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Figure 6.6: Comparison between experimental data and model predictions (—) over 10% VOx/ γ-Al2O3 
catalyst sample: (a) T = 475 
o
C; (b) T = 500 
o
C; (c) T = 525 
o
C; (d) T= 550 
o
C and (e) overall 
comparison between the experimental results and model predictions. (Data points reported for 
the average of three repetitions) 
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Table 6.2: Cross-correlation coefficients for the kinetic model optimized parameters over various VOx/ γ-
Al2O3 catalyst samples 
(a): 5% VOx/ γ-Al2O3 Catalyst Sample 
 
o
k
1
 ok
2
 
o
k
3
 o
HC
K
83
 
o
HC
K
63
 
1
E  
2
E  3E  83HC
H
 
63HC
H  
o
k
1
 1.000                   
o
k
2
 0.657 1.000                 
o
k
3
 0.150 -0.617 1.000               
o
HC
K
83
 -0.975 -0.803 0.061 1.000             
o
HC
K
63
 0.031 0.027 -0.019 -0.036 1.000           
1
E   -0.064 0.039 -0.112 0.027 0.099 1.000         
2
E  -0.127 0.232 -0.434 0.029 0.082 0.871 1.000       
3
E  0.009 0.020 -0.020 -0.016 -0.029 0.101 0.080 1.000     
83HC
H   0.064 -0.028 0.103 -0.032 -0.101 -0.994 -0.888 -0.098 1.000   
63HC
H  0.049 -0.047 0.119 -0.018 -0.497 -0.285 -0.291 -0.328 0.291 1.000 
           (b): 7% VOx/ γ-Al2O3 Catalyst Sample    
  
o
k
1
 ok
2
 
o
k
3
 
o
HC
K
83
 
o
HC
K
63
 
1
E  
2
E  3E  83HC
H
 
63HC
H  
o
k
1
 1.000                   
o
k
2
 0.696 1.000                 
o
k
3
 0.344 -0.405 1.000               
o
HC
K
83
 -0.949 -0.881 -0.051 1.000             
o
HC
K
63
 -0.062 -0.093 0.014 0.083 1.000           
1
E   -0.521 -0.330 -0.169 0.449 0.096 1.000         
2
E  -0.670 -0.255 -0.507 0.535 0.063 0.705 1.000       
3
E  -0.043 0.016 -0.067 0.024 -0.103 -0.032 -0.019 1.000     
83HC
H   0.625 0.474 0.143 -0.588 -0.104 -0.928 -0.823 0.039 1.000   
63HC
H  0.129 0.121 0.017 -0.136 -0.477 -0.066 -0.076 -0.329 0.086 1.000 
            (c): 10% VOx/ γ-Al2O3 Catalyst Sample    
  
o
k
1
 ok
2
 
o
k
3
 
o
HC
K
83
 
o
HC
K
63
 
1
E  
2
E  3E  83HC
H
 
63HC
H  
o
k
1
 1.000                   
o
k
2
 0.838 1.000                 
o
k
3
 0.381 -0.159 1.000               
o
HC
K
83
 -0.965 -0.949 -0.143 1.000             
o
HC
K
63
 -0.122 -0.118 -0.070 0.127 1.000           
1
E   0.696 0.588 0.290 -0.678 -0.096 1.000         
2
E  0.591 0.644 -0.044 -0.639 -0.074 0.834 1.000       
3
E  0.091 0.090 0.032 -0.094 -0.503 0.046 0.017 1.000     
83HC
H   -0.648 -0.516 -0.293 0.612 0.083 -0.961 -0.892 -0.030 1.000   
63HC
H  0.002 -0.023 0.060 0.008 -0.382 0.040 0.002 -0.196 -0.033 1.000 
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 It is important to review the values of the activation energies obtained in the 
context of the present study and compare them with values already reported in the 
technical literature. Table 6.3 reports the activation energies for propane ODH on various 
supported VOx catalysts. Although the reported values for the three propane ODH 
catalysts of this study are consistently within the same range, there is some discrepancy of 
these energies of activation  (±20 kJ/mole) when compared with other values published in 
the technical literature. This discrepancy can be attributed to the dissimilarity in 
experimental systems, operating conditions, proposed ODH kinetic model and catalysts 
studied.  
It should be stressed, however, that the values of activation energies for the 
propane ODH of this study are close to the ones reported by Rao and Deo, 2004 (Rao and 
Deo 2007) using VOx/ γ-Al2O3 catalysts with similar vanadium loadings. For instance, for 
the propane ODH step, Rao and Deo, 2004 reported activation energies for propylene 
formation of 113.6, 100 and 98 kJ/mol for catalysts with vanadium loadings of 7.5, 10 
and 12.5 wt. %, respectively. The values of activation energies observed in this study for 
the same step were 124.9, 115.1 and 82 KJ/mol for 5, 7 and 10 wt.% catalysts, 
respectively.  
 However, in the case of COx formation, the reported values by Rao and Deo, 2004 
(Rao and Deo 2007) differ by ± 20 kJ/mole from those obtained in the context of the 
present study. This discrepancy between activation energies of COx formation can be 
attributed to both the different reaction network consequence used by Rao and Deo, 2004, 
where oxygen is being co-fed with propane, and the different reaction network paths 
selected. Rao and Deo, 2004 assumed that CO and CO2 are formed from propylene only 
instead of the proposed parallel-series “triangular” reaction network of the present study. 
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This proposed “triangular” reaction network of the present study is reinforced by the fact 
that COx species are observed even at very low propane conversions. Thus, a direct COx 
formation step from propane is required. 
As a result and on the basis of the experimental evidence gathered and of the 
adequacy of the parallel- series “triangular” kinetic model proposed, the the following 
can be considered as reported in Figure 6.2: i) There is an alkene formation step, ii) There 
is a competitive direct alkane combustion step, iii) Once alkene is formed, there is further 
alkene combustion.  
 
Table 6.3: Reported activation energies for main products formation in ethane ODH 
Catalyst 
Activation energy of formation (kJ/mol) 
Reference 
C3H6 Carbon Oxides 
5 % VOx/ γ-Al2O3 124.9 (COx) 52.8
a
 (COx) 52.53
b
 (Present Study) 
7 % VOx/ γ-Al2O3 115.1 (COx) 51.1
a
 (COx) 52.7
b
 (Present Study) 
10 % VOx/ γ-Al2O3 109.5 (COx) 45.6
a
 (COx) 53.7
b
 (Present Study) 
10% VOx/γ-Al2O3 
 
82 (CO) 35
b
 (CO2) 52.2
b
 (Routray et al. 
2004a) 
2.1%VOx/ γ-Al2O3  
 
113.6 (CO2) 87.5
b
 - (Dinse et al. 
2008) 
7.5% V/γ-Al2O3 
 
100 (CO) 50
b
 (CO2) 46
b
 (Rao and Deo 
2007) 
10% V/γ-Al2O3 
 
98 (CO) 55
b
 (CO2) 49
b
 “ 
12.5% V/γ-Al2O3 
 
92 (CO) 83
b
 (CO2) 75
b
 “ 
24%V/MgO 114 (CO) 72
a 
 (CO) 101
b
 
(CO2) 42
a 
(CO2) 92
b
 
(Ramos et al. 
2001) 
0.6%VOx/SiO2  
 
147 (CO2) 96
b 
 
- (Dinse et al. 
2008) 
a[formation from C3H8], 
b[formation from C3H6], 
c[formation from CO] 
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 In summary, the catalytic runs of the present study together with the 
phenomenologically-based kinetic model developed support an ODH process using twin 
circulating fluidized beds with: a) an ODH reactor with oxygen being supplied from the 
catalyst lattice only and b) a re-oxidation reactor where the catalyst lattice oxygen is 
replenished. It is envisioned that in this type of ODH process, only a small fraction of the 
catalyst in the reactor outlet stream is going to be treated per pass in the re-oxidation 
reactor. The rest or most of the catalyst in the ODH reactor outlet stream is going to be 
partially cooled and recycled back directly to the reactor input stream. It is expected that 
such a twin and integrated ODH fluidized bed process will yield higher olefin selectivities 
as reported in the present study. 
6.6 Conclusions 
The following conclusions can be drawn from this chapter of the current PhD 
dissertation: 
1. Propane could be converted to propylene via ODH reaction over VOx/γ-Al2O3 
catalysts in the absence of molecular gas oxygen utilizing lattice oxygen of the 
catalysts.  
2. A triangular “parallel-series” reaction network is proposed for propane ODH over 
VOx/ γ-Al2O3 catalysts where there is a propylene formation step, a competitive 
direct propane combustion step and propylene combustion step. 
3. A heterogeneous kinetic model based based on Mars-van Krevelen mechanism 
was proposed. The proposed kinetic model accounted for all reactants (propane) 
and products (propylene and COx). On this basis, rate equations were developed 
including both reactant adsorption and catalytic reaction on the catalyst surface. 
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4. The change in degree of oxidation of the catalyst during oxygen-free ODH 
reactions was modeled and included in the rate equations by using a decay 
function based on reactant conversion. The proposed kinetic model is established 
with a DOF of 950. This model satisfactorily predicted the ODH reaction of 
propane under the selected reaction conditions over the various VOx/γ-Al2O3 
catalysts with different vanadium loadings. 
5. The kinetic parameters determined included the pre-exponential factors, o
ik , 
adsorption constants, oiK , activation energies, iE , for the propylene formation, 
propane oxidation and propylene oxidation and desorption energies, iH . 
6. The intrinsic kinetic parameters were estimated using non- linear least square fit 
of  MATLAB using the experimental data obtained different reaction 
temperatures. The calculated kinetic parameters were able to predict the observed 
outlet mass fractions of all carbon containing compounds and were found to vary 
with vanadia loading. 
7. The pre-exponential factors (k1
o
, k2
o
 and k3
o
) increase as the vanadium loading is 
augmented. The activation energies for COx formation (E2 and E3) are consistently 
smaller than that for propylene formation (E1).  
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
 This study is aimed at considering the value of an alternative process for the 
catalytic propane oxidative dehydrogenation (ODH) over alumina-supported vanadium 
oxide catalysts in the absence of molecular gas oxygen utilizing the lattice oxygen of the 
catalysts. Supported vanadium oxide catalysts (VOx/γ-Al2O3) with various vanadium 
metal loadings (5-10 wt. %) were synthesized by wet saturation-impregnation of a 
commercial porous γ-Al2O3 support. All the prepared VOx/γ-Al2O3 were subjected to 
several well established characterization techniques like N2 adsorption, TPR/TPO 
(temperature programmed reduction or oxidation), XRD, NH3-TPD, and Laser Raman 
Spectroscopy (LRS).  O2-Chemisorption was also developed in order to understand the 
effect of vanadia loading and oxide support on the propane ODH reaction. 
The reactivity of the new VOx/Al2O3 catalysts was established in a fluidized bed 
reactor (CREC Riser Simulator) at temperatures between 475-550 
o
C and at atmospheric 
pressure. Propane was used as a feed for the reaction and air was employed to regenerate 
the catalysts. Moreover, a heterogeneous kinetic model was developed using the 
experimental results. Its kinetic parameters were estimated using non-linear regression 
analysis. 
The main contributions and findings of the present research can be summarized as 
follows: 
1. The particle size distributions of the prepared VOx/Al2O3 catalysts displayed a 
Geldart Class B powder property, which is highly fluidizable under ODH 
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conditions. The fluidizability was also confirmed using a plexi-glass model of the 
CREC Riser Simulator.  
2. BET surface area analysis of the prepared VOx/γ-Al2O3 catalysts showed a 
moderate decrease in the total surface area of the catalyst upon vanadium loading 
on the calcined γ-Al2O3 support. The decrease of the surface area was due to the 
plugging of some of the support pores by Vanadium species.  
3. O2-chemisorption and Raman spectroscopy demonstrated that the structure and 
dispersion of VOx surface species depend on their surface density. The surface 
vanadia species become more polymerized with increasing vanadium loading.  
4. TPR showed that all VOx/Al2O3 catalysts exhibited a single low temperature 
reduction peak at around 450 
o
C which was due to the reduction of isolated and 
two-dimensional structure of surface vanadia. TPR of a VOx/Al2O3 sample with 
higher V loading (10 wt.%) exhibited a second higher temperature reduction peak 
at 575 
o
C, indicating that bulk-like vanadia species were present for these catalysts 
only at higher vanadia loadings. The reducibility (% reduction) of the surface VOx 
species increased with surface VOx surface density in the submonolayer region (< 
8.8 Vatom/nm
2
) indicating that the polymeric surface VOx species are more easy to 
reduce. 
5. NH3-TPD analysis showed that the number and nature of the acid sites change 
with vanadium loading. The surface vanadia species (VOx) cover the exposed 
alumina surface Lewis acid sites; resulting in lower acidity than that of the bare 
support. Moreover, the number of surface Brønsted acid sites increased with 
increasing surface VOx. This indicated that polymeric surface VOx species possess 
more Brønsted acid character than the isolated surface VOx species. 
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6. Single-injection (reaction/regeneration) propane ODH experiments showed high 
propane conversion between 58.89-81.98 % with low propylene selectivity 
between 0.61-2.19 percent. This suggested that fully oxidized (fresh/regenerated) 
VOx/Al2O3 catalysts were active but not selective for propane ODH reactions. It is 
speculated that this was due to the existence of excess (non-stoichiometric) and 
non-selective oxygen species on the catalyst surface.  
7. Successive propane ODH injections (without catalyst regeneration in between 
injections) in CREC Riser Simulator over a partially reduced catalyst showed that 
the prepared catalysts displayed good propane conversions (11.73%-15.11%) and 
promising propylene selectivity (67.65-85.89%). The new VOx/Al2O3 catalyst 
showed also stable performance at 475-550 
0
C. It was observed that propylene 
selectivity increases while that for COx decreases as the degree of reduction of the 
catalyst augmenting with propane injections. These data showed that a certain 
degree of catalyst reduction is required in order to obtain good propylene 
selectivities. Under such oxygen-free conditions, the oxygen from the catalyst 
lattice was consumed by ODH reaction.  
8. Compared to average propylene yields of 5% and 15% obtained in FCC and steam 
cracking technologies, respectively, promising value of 7% was obtained in the 
present propane ODH study over vanadium oxide catalyst and under oxygen free 
conditions. Such result would encourage further investigation of propane ODH in 
the absence of molecular gas oxygen as promising alternative/supplementary 
technology for the production of propylene.    
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9. Normalized initial ODH rates per gram of catalyst showed that monomeric VOx 
surface species were significantly less active and more selective than polymeric 
VOx surface species for propane oxidative dehydrogenation over VOx/Al2O3 
catalysts. This allowed the determination of the relative contributions of different 
types of VOx surface species (monovanadates vs. polyvanadate) in propane ODH. 
Therefore, it is possible to conclude that both the bridging (V-O-V) bonds found 
in the polymeric VOx surface species, which are favored at high vanadium surface 
density, and the terminal (V=O) bond found in the isolated (monomeric). Thus, 
VO4 surface species are the active sites for oxidative dehydrogenation of propane 
on VOx/Al2O3 catalysts. 
10. Experimental runs allowed postulating a parallel-series “triangular” reaction 
network for propane ODH where there was a propylene formation step, a 
competitive direct propane combustion step and a propylene combustion step. 
Based on that, a heterogeneous kinetic model established on the Mars-van 
Krevelen mechanism was proposed in the present study for propane ODH reaction 
over the VOx/Al2O3 catalysts. The model accounts for all carbon-containing 
components (propane, propylene and COx). On this basis, rate equations were 
developed including both reactant adsorption and reaction on the catalyst surface. 
The change in degree of oxidation of the catalyst during oxygen-free ODH 
reactions was modeled and included in the rate equations by using a decay 
function based on reactant conversion.  
11. The proposed kinetic model was adequate to describe ODH experiments in a 
CREC Riser Simulator using VOx/Al2O3 catalysts. The estimated parameters for 
the kinetic model were found to be consistent with the experimental observations 
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of product distribution. Furthermore, the determined kinetic parameters displayed 
low spans for the 95% confidence interval and low cross correlation coefficients. 
The pre-exponential factors (k1
o
, k2
o
 and k3
o
) increased with vanadium loading. 
On the other hand, the activation energy COx formation (E2 and E3) were always 
less than that for propylene formation (E1). 
7.2 Recommendations 
 Based on the present work, the following future studies are recommended:  
1. To consider experimental research with a new VOx/Al2O3 catalyst for propane 
ODH, doped with other metals like Li, Mg or K. It is expected that alkali doping 
could provide additional gains in terms of propylene selectivity. 
2. To consider propane ODH over VOx-based catalysts with different types of 
support material such as MgO, SiO2 and high surface mesoporous materials such 
as SBA-15. It is believed that the support properties such as acidity significantly 
affect the properties of the VOx catalyst. 
3. To develop experiments in the CREC Riser Simulator using C2H4, CO, CO2 in 
order to get independent information about their individual reactivity over the 
VOx-based catalysts in the absence of molecular gas phase oxygen.   
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APPENDIX A 
Assessment of CREC Reactor Volume 
 The volume of both the reactor and the vacuum box in the CREC Riser Simulator 
system are considered as critical parameters. The volumes of these two chambers are used 
for the mass balance calculations and kinetic modeling. The detailed procedure for the 
determination of their volumes is given below: 
 
A.1 CREC Reactor Volume 
 The volume of the reactor is assessed by injecting a known amount of air using a 
calibrated gas syringe into the reactor. The reactor is isolated from other compartments of 
the system. Upon injection, the resultant pressure increase in the reactor is monitored. So, 
by knowing the injected volume, its temperature and the reactor temperature, the volume 
of the reactor can be calculated from the pressure increase. 
 Taking the ambient temperature as the temperature of the injected air and the 
reactor, the reactor volume can be calculated based on the ideal gas law as given by 
equation A.1: 
                                                    
initialfinal
atminjected
R
PP
PV
V

                                                     
A.1 
where VR is the reactor volume, Vinjected is the volume of air injected, Pfinal and Pinitial are 
the reactor final and initial pressures, respectively, and Patm is the atmospheric pressure. 
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 This procedure was repeated with different amount of injections and the average 
value of the rector volume was considered. Table A.1 shows the values of pressure versus 
volume of air injected as well as the calculated reactor volume. 
 
Table A.1. Determination of the reactor volume 
Volume of Air 
injected (cm3) 
Initial Reactor 
Pressure (psia) 
Final Reactor 
Pressure (psia) 
Reactor Volume 
(cm3) 
10 14.18 17.10 50.05 
10 14.21 17.13 50.02 
20 14.20 19.97 50.70 
20 14.21 19.99 50.69 
30 14.19 22.82 50.89 
30 14.20 22.91 50.41 
40 14.25 25.74 50.93 
40 14.25 25.70 51.11 
50 14.31 28.66 50.99 
50 14.32 28.65 51.03 
50 14.36 28.72 50.93 
  Average 50.70 
 
A.2.Volume of the Vacuum Box 
 The volume of the vacuum box is assessed in a similar manner to the reactor 
volume. Using a calibrated syringe, air at room temperature with different volumes is 
injected directly to the vacuum box which is isolated from the reactor. Thus, by taking the 
ambient temperature as the temperature of the injected air and the vacuum box, the 
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vacuum box volume can be calculated based on the ideal gas law as given by equation 
A.2: 
 
                                                    
initialfinal
atminjected
VB
PP
PV
V

                                                   A.2 
where VVB is the volume of vacuum box, Vinjected is the volume of air injected, Pfinal and 
Pinitial are the vacuum box final and initial pressures, respectively, and Patm is the 
atmospheric pressure. 
 This procedure was repeated with different amount of injections and the average 
value of the volume of vacuum box was considered. Table A.2 shows the values of 
pressure versus volume of air injected as well as the calculated vacuum box volume 
 
Table A.2. Determination of the vacuum box volume 
Volume of Air 
injected (cm
3
) 
Initial VB 
Pressure (psia) 
Final VB 
Pressure (psia) 
Vacuum Box 
 Volume (cm
3
) 
30 14.35 14.82 943.63 
30 14.36 14.82 942.32 
40 14.35 14.97 944.24 
40 14.30 14.91 954.35 
40 14.32 14.95 944.86 
50 14.20 14.95 980.39 
50 14.37 15.12 983.21 
  Average 956.14 
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APPENDIX B 
GC Calibration Curves 
 The possible product gases in the propane ODH reaction are Carbon Monoxide 
(CO), Carbon Dioxide (CO2), Methane (CH4), Ethylene (C2H4), Ethane (C2H6), Propylene 
(C3H6) and Propane (C3H8). The purpose of the calibration is to correlate the component 
concentration with the GC peak area for each gas. Calibration curves of for each 
component were carried out using  the Shimadzu 2010 2010 GC equipped with equipped 
with three packed columns: HayeSepD 100/120 mesh (30ft x ⅛” O.D. S.S., Supelco) 
column, Carboxen-1000 60/80 mesh (15ft  x ⅛” O.D.  S.S., Supelco) column and 
Carboxen-1004 80/100 mesh (6.5ft  x 1/16” O.D. S.S., Supelco) column. The Carboxen-
1000 and Carboxen-1004 columns were used for separating H2, O2, N2, Ar, CO, and 
CO2, and they were connected to a thermal conductivity detector (TCD). On the other 
hand, all hydrocarbons (methane ethane ethylene, propane and propylene) were separated 
in the HayeSepD column and detected by a flame ionization detector (FID). A schematic 
of GC columns connections are shown in Figure B.1.   
 
 
 
 
 
 
 
Figure B.1. Schematic of GC column connections 
HayeSepD 
column 
Inlet-2 
TCD FID 
Inlet-1 
Carboxen-
1000 column 
Carboxen-
1004 column 
Reactor 
effluents 
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 The calibration gases used in this study were certified standards of pure gases and 
gas mixtures. The concentrations of the different certified gas standards used in the 
calibration are given in Table B.1.  
 
Table B.1. Concentrations of calibration gas standards 
Standard 
Gas/Mixture 
Concentration 
Methane (CH4) 99.99% 
(Praxair) 
Ethylene (C2H4) 10% C2H4/ 90% He 
(Praxair) 
Ethane (C2H6) 99.99% 
(Air Liquid) 
Propylene (C3H6)  10% C3H6/ 90% He 
(Praxair) 
Propane (C3H8) 99.99% 
(Air Liquid) 
CO, CO2 9.99% Ar / 9.99% CO2 /10.1% CO / 9.97% H2 /9.99% CH4 
Balance (He) 
(Praxair) 
 
Calibration curve that correlates component’s concentration its FID/TCD area was 
determined using the certified gas standards.  Different concentration levels of each 
component was achieved by injecting different volumes of the gas/mixture standard using 
a calibrated gas syringe into the Shimadzu 2010-GCat standard conditions (25°C and 1 
atm). Three different concentration levels were considered for each component and each 
concentration point was repeated three times to secure data reproducibility. Then, a plot 
constructed for each component relating the component’s response peak area as measured 
by the FID/TCD to its concentration in moles as given in Figures B.2-B.8.  Moreover, the 
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concentrations (in moles) in the injected samples for each component used are given in 
Tables B.2-B.8 
 
Figure B.2.  FID calibration curve for CH4 (concentration in μmoles) 
 
 
Figure B.3.  FID calibration curve for C2H4 (concentration in μmoles) 
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Figure B.4.  FID calibration curve for C2H6 (concentration in μmoles) 
 
Figure B.5.  FID calibration curve for C3H6 (concentration in μmoles) 
 
 
Figure B.6.  FID calibration curve for C3H8 (concentration in μmoles) 
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Figure B.7.  TCD calibration curve for CO (concentration in μmoles) 
 
 
Figure B.8.  TCD calibration curve for CO2 (concentration in μmoles) 
 
 
Table B.2.  CH4Calibration data 
Methane (CH4) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 4.85 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.3 0.6 1 
Gas mixture CH4 Content [%] 99.9 99.9 99.9 
CH4 moles 1.23x10
-5
 2.45 x10
-5
 4.09 x10
-5
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Table B.3.  C2H4Calibration data 
Ethylene (C2H4) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 10.75 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.3 0.6 1 
Gas mixture C2H4 Content [%] 10.0 10.0 10.0 
C2H4 moles 1.23 x10
-6
 2.45 x10
-6
 4.09 x10
-6
 
 
Table B.4.  C2H6Calibration data 
Ethane (C2H6) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 12 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.05 0.1 0.2 
Gas mixture C2H6 Content [%] 99.9 99.9 99.9 
C2H6 moles 2.04 x10
-6
 4.09 x10
-6
 8.17 x10
-6
 
 
Table B.5.  C3H6 Calibration data 
Propylene (C3H6) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 21.35 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.3 0.6 1 
Gas mixture C3H6 Content [%] 10.0 10.0 10.0 
C3H6 moles 1.23 x10
-6
 2.45 x10
-6
 4.09 x10
-6
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Table B.6.  C3H8Calibration data 
Propane (C3H8) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 22 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.05 0.1 0.3 
Gas mixture C3H8 Content [%] 99.9 99.9 99.9 
C3H8 moles 2.04 x10
-6
 4.09 x10
-6
 1.23 x10
-5
 
 
 
Table B.7.  CO Calibration data 
Carbon Monoxide (CO) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 8.5 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.3 0.65 1 
Gas mixture CO Content [%] 10.1 10.1 10.1 
CO moles 1.24 x10
-6
 2.68 x10
-6
 4.13x10
-6
 
 
 
 
Table B.8.  CO2Calibration data 
Carbon Dioxide (CO2) 
Pressure [atm] 1 
Temperature [K]  298.15 
Retention Time (min) 21.7 
Injection No.  1 2 3 
Gas Sample Volume [ml] 0.3 0.65 1 
Gas mixture CO2 Content [%] 9.99 9.99 9.99 
CO2 moles 1.23 x10
-6
 2.65 x10
-6
 4.08 x10
-6
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APPENDIX C 
Propane ODH Experimental Results 
This appendix reports the experimental results used for the kinetic studies of propane 
oxidative dehydrogenation over the various VOx/γ-Al2O3 catalyst samples. Each 
experimental point is an average of three repeats.  
 
Table C.1: Experimental results for propane ODH over VOx/γ-Al2O3 (without Catalyst Regeneration) 
Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
5% V 475 1 5 2.31 12.22 0.70 31.29 55.04 0.75 0.00 0.28 
  2 3.30 31.83 0.48 4.41 62.15 1.06 0.07 1.05 
  3 2.49 57.99 0.59 4.86 33.94 2.45 0.17 1.45 
  4 2.40 70.64 0.61 4.55 21.35 2.58 0.26 1.70 
  5 2.29 71.69 0.70 3.88 20.68 2.79 0.26 1.64 
  6 2.13 76.52 0.74 3.49 15.90 3.07 0.28 1.63 
  7 2.16 78.42 0.73 3.30 14.17 3.11 0.27 1.69 
  8 2.17 79.94 0.73 3.23 12.70 3.14 0.27 1.73 
  9 2.16 82.70 0.73 3.14 9.89 3.27 0.27 1.79 
  10 2.10 84.92 1.03 1.96 8.32 3.50 0.28 1.78 
  1 10 4.91 9.09 0.46 30.85 59.16 0.43 0.00 0.45 
  
 
2 4.24 46.03 0.52 3.83 47.93 1.51 0.17 1.95 
  3 3.27 70.10 0.65 4.44 22.25 2.35 0.22 2.29 
  4 3.25 76.55 0.64 3.78 15.95 2.79 0.28 2.49 
  5 3.06 79.59 0.65 3.67 12.63 3.16 0.29 2.43 
  6 3.08 79.86 0.65 3.53 12.36 3.31 0.29 2.46 
  7 3.07 80.54 0.71 3.31 11.71 3.45 0.28 2.47 
  8 3.13 83.36 0.69 2.57 9.74 3.36 0.27 2.61 
  9 3.09 84.38 0.76 1.25 9.77 3.57 0.28 2.61 
  10 3.15 88.76 0.74 0.71 5.79 3.67 0.34 2.80 
  1 15 10.40 8.10 0.24 20.30 70.95 0.41 0.00 0.84 
  2 4.95 52.05 0.51 8.33 37.21 1.69 0.20 2.58 
  3 3.95 73.39 0.64 7.36 15.71 2.64 0.25 2.90 
  4 3.97 79.27 0.68 5.38 11.85 2.57 0.25 3.15 
  5 4.25 81.53 0.69 4.07 10.93 2.49 0.29 3.47 
  6 4.23 81.54 0.69 3.40 10.81 3.23 0.34 3.45 
  7 4.45 84.66 0.65 2.97 7.92 3.48 0.32 3.77 
  8 4.26 87.51 0.67 2.02 6.13 3.34 0.31 3.72 
  9 3.86 88.57 0.68 1.39 5.46 3.54 0.37 3.42 
  10 3.93 93.49 0.92 1.17 0.00 4.07 0.36 3.67 
  1 20 24.40 5.23 0.27 11.95 82.30 0.26 0.00 1.28 
  2 6.14 63.83 0.62 2.09 31.25 1.97 0.24 3.92 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  3 5.00 80.45 0.57 2.59 12.97 3.13 0.29 4.02 
  4 5.36 81.69 0.58 3.05 12.18 2.29 0.21 4.38 
  5 5.80 82.12 0.82 3.34 9.34 3.99 0.38 4.77 
  6 5.76 87.06 0.48 2.65 5.80 3.73 0.29 5.01 
  7 5.82 88.80 0.60 2.76 5.89 1.58 0.37 5.17 
  8 5.28 89.45 0.64 2.32 3.26 3.95 0.37 4.72 
  9 4.82 91.64 0.57 3.98 0.00 3.50 0.31 4.42 
  10 5.10 93.98 0.45 3.04 0.00 2.22 0.31 4.79 
 500 1 5 2.85 11.16 1.05 31.43 55.30 0.96 0.09 0.32 
  2 4.30 31.47 0.86 7.12 58.75 1.65 0.15 1.35 
  3 3.58 52.25 1.02 5.75 36.96 3.79 0.23 1.87 
  4 3.12 69.77 1.24 6.12 18.00 4.49 0.39 2.18 
  5 2.93 73.50 1.29 6.04 13.74 4.95 0.48 2.15 
  6 2.77 78.25 1.35 6.21 8.30 5.25 0.64 2.16 
  7 2.68 86.26 1.47 6.12 0.00 5.42 0.73 2.31 
  8 2.79 87.20 1.47 4.94 0.00 5.54 0.84 2.44 
  9 2.89 87.50 1.49 4.49 0.00 5.58 0.95 2.53 
  10 2.85 91.47 1.51 0.31 0.00 5.69 1.03 2.60 
  1 10 6.86 8.30 0.67 30.99 59.42 0.59 0.03 0.57 
  
 
2 6.28 37.90 0.72 7.87 51.43 1.84 0.25 2.38 
  3 5.09 60.13 0.88 7.42 27.82 3.32 0.42 3.06 
  4 4.24 77.83 1.10 7.29 9.09 4.10 0.60 3.30 
  5 4.29 80.03 1.08 6.29 7.45 4.52 0.63 3.43 
  6 4.15 87.42 1.11 5.99 0.00 4.73 0.74 3.63 
  7 4.17 87.48 1.10 5.85 0.00 4.78 0.78 3.65 
  8 4.29 88.01 1.07 5.32 0.00 4.70 0.89 3.77 
  9 4.35 88.78 1.10 4.52 0.00 4.68 0.92 3.86 
  10 4.38 88.81 1.13 4.31 0.00 4.84 0.91 3.89 
  1 15 11.87 6.81 0.45 20.51 71.66 0.53 0.04 0.81 
  2 6.28 56.21 0.98 8.52 30.61 3.27 0.42 3.53 
  3 5.56 75.47 1.04 7.04 11.34 4.48 0.64 4.19 
  4 5.45 79.89 1.17 5.92 7.47 4.77 0.77 4.35 
  5 5.29 87.07 1.21 5.52 0.00 5.33 0.87 4.61 
  6 5.67 87.52 1.16 5.10 0.00 5.18 1.04 4.96 
  7 5.71 87.58 1.18 4.86 0.00 5.24 1.14 5.00 
  8 5.59 87.46 1.21 4.81 0.00 5.28 1.24 4.89 
  9 5.74 88.17 1.17 4.17 0.00 5.25 1.24 5.06 
  10 5.93 88.88 1.20 3.46 0.00 5.14 1.31 5.27 
  1 20 28.05 4.40 0.21 12.06 83.05 0.25 0.04 1.23 
  2 7.09 67.39 0.87 6.63 21.23 3.40 0.49 4.78 
  3 7.00 80.00 0.93 6.20 8.08 4.21 0.58 5.60 
  4 7.26 81.89 0.93 5.36 6.89 4.25 0.69 5.95 
  5 7.33 88.59 0.95 5.26 0.00 4.35 0.84 6.49 
  6 7.40 88.83 0.96 4.97 0.00 4.31 0.93 6.57 
  7 7.63 88.99 0.95 4.79 0.00 4.24 1.03 6.79 
  8 7.78 89.33 0.93 4.53 0.00 4.15 1.05 6.95 
  9 7.82 89.35 0.95 4.44 0.00 4.14 1.12 6.98 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  10 7.79 89.60 0.99 4.14 0.00 4.11 1.16 6.98 
            
 525 1 5 4.43 9.42 1.67 31.85 56.03 0.98 0.05 0.42 
  2 4.53 39.42 1.87 7.43 47.79 3.00 0.49 1.79 
  3 3.96 62.14 2.23 6.10 22.66 5.87 1.01 2.46 
  4 4.03 70.04 2.33 5.36 13.76 7.23 1.29 2.82 
  5 3.93 76.21 2.12 2.81 10.36 7.18 1.32 3.00 
  6 3.76 79.84 2.40 3.94 5.88 6.54 1.41 3.01 
  7 3.59 84.68 2.47 3.04 0.00 7.60 2.20 3.04 
  8 3.50 86.86 2.53 2.38 0.00 6.30 1.93 3.04 
  9 3.49 86.92 2.56 1.71 0.00 6.76 2.05 3.04 
  10 3.72 88.54 2.29 1.33 0.00 5.92 1.91 3.30 
  1 10 10.42 6.97 1.09 31.23 59.89 0.78 0.04 0.73 
  
 
2 6.69 52.41 1.68 6.81 34.13 3.90 1.07 3.51 
  3 6.47 68.91 1.84 5.53 16.29 5.83 1.60 4.46 
  4 6.14 74.92 2.01 3.54 10.81 6.86 1.86 4.60 
  5 5.85 82.11 2.06 2.06 5.53 6.20 2.03 4.80 
  6 5.99 87.09 2.19 1.83 0.00 6.56 2.33 5.22 
  7 6.09 87.21 2.23 1.83 0.00 6.29 2.46 5.31 
  8 6.23 87.74 2.15 1.72 0.00 5.96 2.43 5.46 
  9 6.38 88.16 2.11 1.54 0.00 5.67 2.52 5.63 
  10 6.05 89.13 2.23 0.96 0.00 5.05 2.63 5.39 
  1 15 20.96 5.72 0.62 20.67 72.23 0.68 0.07 1.20 
  2 8.04 66.24 1.96 8.32 17.00 5.06 1.42 5.32 
  3 7.06 75.28 2.17 6.63 7.76 5.72 2.44 5.32 
  4 7.60 81.21 2.06 2.97 5.57 5.94 2.25 6.17 
  5 8.25 84.10 1.91 2.25 3.52 5.45 2.77 6.94 
  6 8.04 88.02 2.00 1.41 0.00 5.59 2.98 7.08 
  7 8.32 88.46 1.95 1.19 0.00 5.48 2.92 7.36 
  8 8.38 88.79 1.96 0.90 0.00 5.43 2.91 7.44 
  9 8.49 89.01 1.93 0.75 0.00 5.45 2.87 7.56 
  10 8.35 89.06 1.95 0.56 0.00 5.55 2.88 7.44 
  1 20 36.44 3.69 0.28 12.13 83.57 0.30 0.03 1.34 
  2  8.22 70.77 1.76 7.09 14.55 4.55 1.28 5.82 
  3  8.31 79.14 1.84 2.99 9.13 4.84 2.06 6.58 
  4  8.59 84.73 1.82 2.44 3.77 5.25 1.99 7.28 
  5  8.84 87.71 1.78 1.56 1.26 5.09 2.59 7.75 
  6  8.78 88.85 1.84 1.40 0.00 5.16 2.75 7.80 
  7  9.34 89.59 1.75 1.12 0.00 4.92 2.62 8.37 
  8  9.30 89.68 1.76 1.04 0.00 4.89 2.62 8.34 
  9  9.53 90.00 1.70 0.95 0.00 4.81 2.53 8.58 
  10  9.47 90.06 1.72 0.78 0.00 4.90 2.54 8.53 
            
 550 1 5 13.73 8.02 0.80 32.51 57.20 1.34 0.13 1.10 
  2 3.78 47.37 3.25 9.39 33.17 5.85 0.97 1.79 
  3 3.61 68.66 3.47 8.65 11.43 6.40 1.40 2.48 
  4 3.67 74.44 3.38 6.83 7.66 6.30 1.39 2.73 
  5 3.91 78.19 3.21 5.31 5.34 6.44 1.52 3.05 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  6 3.99 80.69 3.12 4.42 3.85 6.33 1.60 3.22 
  7 3.81 84.92 3.38 3.33 0.00 6.61 1.76 3.24 
  8 3.96 85.54 3.42 2.74 0.00 6.49 1.81 3.39 
  9 3.96 85.41 4.42 1.90 0.00 6.48 1.79 3.38 
  10 5.16 85.40 6.66 1.03 0.00 5.42 1.48 4.41 
  1 10 23.73 5.41 1.69 31.50 60.40 0.92 0.08 1.28 
  
 
2 5.39 61.54 3.26 5.43 22.74 5.45 1.60 3.32 
  3 5.54 74.27 2.94 7.46 8.15 5.52 1.66 4.11 
  4 5.81 79.01 2.79 6.46 3.99 5.79 1.96 4.59 
  5 6.15 80.94 2.74 5.00 3.21 5.96 2.16 4.97 
  6 6.17 82.33 2.66 4.39 2.63 5.65 2.33 5.08 
  7 6.23 86.64 2.73 2.54 0.00 5.64 2.46 5.40 
  8 6.28 87.60 2.70 1.78 0.00 5.40 2.52 5.50 
  9 6.35 88.33 2.72 1.29 0.00 5.17 2.49 5.61 
  10 6.56 88.70 2.69 1.02 0.00 5.06 2.54 5.82 
  1 15 38.19 5.29 0.54 22.92 70.42 0.78 0.05 2.02 
  2 8.09 62.51 2.40 5.74 9.27 5.15 14.93 5.06 
  3 8.20 81.50 2.62 4.43 4.04 5.72 1.69 6.68 
  4 8.07 82.96 3.02 4.12 2.58 5.63 1.70 6.69 
  5 9.33 85.49 2.44 2.55 1.98 5.72 1.83 7.98 
  6 9.38 87.26 2.38 2.30 0.93 5.18 1.95 8.18 
  7 9.28 89.36 2.45 1.17 0.00 5.12 1.90 8.29 
  8 9.31 89.89 2.47 0.83 0.00 4.98 1.83 8.37 
  9 9.24 90.31 2.44 0.70 0.00 4.61 1.95 8.35 
  10 9.31 90.80 2.41 0.49 0.00 4.40 1.89 8.45 
  1 20 53.57 2.72 0.66 15.23 80.71 0.64 0.03 1.46 
  2 10.71 62.75 1.24 4.54 5.67 5.47 20.32 6.72 
  3 10.27 84.10 1.69 3.48 2.41 6.61 1.71 8.64 
  4 10.62 86.30 2.03 2.63 1.83 5.77 1.45 9.17 
  5 12.43 87.31 1.50 2.35 1.22 6.02 1.60 10.85 
  6 12.25 89.30 1.50 1.77 0.25 5.45 1.73 10.94 
  7 12.11 90.62 1.52 0.98 0.00 5.29 1.59 10.97 
  8 12.05 91.18 1.57 0.58 0.00 5.21 1.46 10.98 
  9 12.13 91.83 1.48 0.46 0.00 4.62 1.61 11.14 
  10 11.65 92.12 1.50 0.36 0.00 4.47 1.55 10.73 
7% V 475 1 5 7.05 3.77 0.22 51.51 44.22 0.26 0.02 0.27 
  2 8.04 8.55 0.18 46.34 44.46 0.41 0.05 0.69 
  3 2.86 43.40 0.51 6.69 47.70 1.51 0.19 1.24 
  4 2.83 62.47 0.57 6.74 27.77 2.22 0.23 1.77 
  5 2.51 65.67 0.71 6.40 24.35 2.61 0.27 1.65 
  6 2.26 68.40 0.72 6.00 21.71 2.84 0.33 1.55 
  7 2.38 70.40 0.75 5.43 19.83 3.31 0.29 1.67 
  8 2.30 73.86 0.73 4.15 17.44 3.51 0.32 1.70 
  9 2.40 75.86 0.76 3.95 15.71 3.42 0.31 1.82 
  10 2.61 78.32 0.85 3.13 13.95 3.42 0.33 2.04 
  1 10 13.95 2.66 0.16 32.47 64.45 0.24 0.02 0.37 
  
 
2 7.73 21.25 0.32 19.84 57.52 0.92 0.13 1.64 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  3 4.58 55.63 0.51 7.15 34.68 1.78 0.25 2.55 
  4 3.99 65.32 0.61 7.39 24.15 2.23 0.29 2.61 
  5 3.66 72.37 0.58 6.99 17.03 2.71 0.33 2.65 
  6 3.46 72.11 0.61 6.90 17.20 2.86 0.32 2.49 
  7 3.72 75.47 0.60 5.63 14.94 3.07 0.29 2.81 
  8 3.61 77.77 0.69 5.33 12.73 3.18 0.31 2.81 
  9 3.32 79.80 0.69 3.30 12.55 3.37 0.30 2.65 
  10 3.81 84.50 0.70 2.71 8.27 3.37 0.45 3.22 
  1 15 23.20 2.46 0.12 24.31 72.82 0.26 0.03 0.57 
  2 8.35 27.32 0.36 17.10 53.97 1.07 0.18 2.28 
  3 5.31 56.54 0.56 11.31 29.21 2.09 0.29 3.00 
  4 5.15 64.34 0.53 10.11 22.43 2.32 0.27 3.31 
  5 4.92 66.85 0.59 8.40 21.56 2.31 0.29 3.29 
  6 4.71 73.04 0.61 6.75 16.53 2.75 0.31 3.44 
  7 4.78 73.05 0.64 6.92 15.92 3.15 0.33 3.49 
  8 4.98 81.42 0.66 5.00 9.51 3.07 0.33 4.05 
  9 3.98 82.23 0.72 5.04 7.97 3.63 0.42 3.27 
  10 4.30 85.80 0.81 3.92 5.39 3.62 0.45 3.69 
  1 20 33.81 2.56 0.13 19.73 77.35 0.23 0.00 0.87 
  2 10.55 32.34 0.32 15.48 50.72 0.96 0.18 3.41 
  3 6.08 61.45 0.47 8.98 26.68 2.13 0.28 3.73 
  4 6.13 68.15 0.52 8.27 20.63 2.15 0.27 4.18 
  5 6.47 68.58 0.63 7.52 19.71 3.18 0.38 4.44 
  6 5.85 75.21 0.54 6.36 14.11 3.41 0.37 4.40 
  7 6.37 78.52 0.61 6.09 11.99 2.42 0.37 5.00 
  8 5.19 82.11 0.68 5.21 7.91 3.68 0.42 4.26 
  9 5.41 85.65 0.59 5.50 4.44 3.44 0.37 4.64 
  10 5.52 87.30 0.56 4.24 4.58 2.93 0.39 4.82 
 500 1 5 10.71 2.49 0.24 37.59 59.43 0.23 0.02 0.27 
  2 7.38 12.76 0.51 23.59 62.06 0.95 0.13 0.94 
  3 4.07 41.12 0.92 7.90 47.06 2.70 0.31 1.67 
  4 3.65 56.68 1.02 8.19 29.82 3.82 0.46 2.07 
  5 3.16 67.06 1.18 8.36 18.46 4.44 0.50 2.12 
  6 3.32 70.13 1.28 8.93 13.87 5.09 0.70 2.33 
  7 3.23 78.23 1.20 8.54 6.11 5.13 0.79 2.53 
  8 3.24 84.27 1.35 7.76 0.00 5.78 0.84 2.73 
  9 3.14 84.44 1.41 7.48 0.00 5.64 1.03 2.65 
  10 2.92 85.76 1.42 5.68 0.00 5.98 1.16 2.50 
  1 10 18.45 2.47 0.23 31.90 65.10 0.24 0.05 0.46 
  
 
2 10.19 17.53 0.49 18.09 62.81 0.92 0.17 1.79 
  3 6.28 43.77 0.75 10.30 42.20 2.51 0.46 2.75 
  4 4.87 69.27 1.17 11.68 12.43 4.68 0.77 3.37 
  5 5.30 73.82 1.00 10.36 9.39 4.70 0.73 3.91 
  6 4.78 81.98 1.27 10.61 0.00 5.12 1.01 3.92 
  7 4.69 82.06 1.27 10.55 0.00 5.02 1.10 3.85 
  8 5.00 83.70 1.06 9.05 0.00 5.15 1.04 4.18 
  9 4.71 84.76 1.23 8.13 0.00 4.66 1.22 3.99 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  10 4.69 85.51 1.33 6.74 0.00 5.11 1.31 4.01 
  1 15 24.54 2.30 0.18 24.81 72.48 0.20 0.03 0.56 
  2 11.12 29.31 0.55 14.62 53.76 1.46 0.31 3.26 
  3 7.10 52.55 0.81 12.36 30.34 3.38 0.56 3.73 
  4 6.04 69.26 1.15 12.78 11.50 4.51 0.80 4.18 
  5 5.98 81.39 1.05 11.64 0.00 4.90 1.01 4.87 
  6 6.10 80.43 1.16 12.26 0.00 4.92 1.22 4.91 
  7 6.39 81.80 1.01 11.06 0.00 4.99 1.15 5.23 
  8 6.08 81.72 1.19 10.74 0.00 5.09 1.26 4.97 
  9 6.55 83.59 1.09 9.26 0.00 4.70 1.36 5.47 
  10 6.08 84.30 1.22 7.60 0.00 5.45 1.43 5.13 
  1 20 37.10 2.11 0.13 18.25 79.34 0.14 0.03 0.78 
  2 11.01 39.15 0.56 12.92 45.06 1.92 0.39 4.31 
  3 8.95 60.18 0.73 11.11 24.27 3.15 0.55 5.38 
  4 8.05 71.37 0.86 13.13 9.71 4.23 0.70 5.75 
  5 7.65 75.60 0.93 12.66 5.58 4.33 0.91 5.79 
  6 7.46 80.69 0.98 12.81 0.00 4.36 1.16 6.02 
  7 8.00 82.72 0.91 11.17 0.00 4.03 1.17 6.62 
  8 7.88 83.32 0.97 9.84 0.00 4.55 1.33 6.57 
  9 8.11 84.18 0.95 9.34 0.00 4.27 1.26 6.83 
  10 8.57 84.77 0.89 8.75 0.00 4.19 1.39 7.26 
            
 525 1 5 15.57 2.21 0.47 31.22 65.86 0.24 0.01 0.34 
  2 8.80 13.78 0.86 20.92 63.09 1.19 0.16 1.21 
  3 5.37 40.04 1.66 8.63 45.20 3.80 0.67 2.15 
  4 4.34 61.09 2.23 8.79 20.19 6.35 1.35 2.65 
  5 4.27 69.16 2.38 7.73 12.21 6.96 1.57 2.95 
  6 3.36 79.10 2.78 8.14 0.00 7.79 2.19 2.65 
  7 3.74 78.65 2.75 7.08 0.00 8.83 2.68 2.94 
  8 3.58 81.56 2.69 6.37 0.00 7.01 2.38 2.92 
  9 3.71 81.60 2.64 5.84 0.00 7.46 2.45 3.03 
  10 3.77 83.13 2.41 5.08 0.00 7.03 2.35 3.13 
  1 10 26.56 1.89 0.32 25.46 72.09 0.22 0.02 0.50 
  
 
2 11.13 20.82 0.97 16.80 59.05 1.89 0.46 2.32 
  3 7.25 54.87 1.57 7.69 29.87 4.71 1.29 3.98 
  4 5.78 67.29 1.98 7.36 14.71 6.84 1.82 3.89 
  5 6.06 76.21 2.16 6.00 7.25 6.21 2.17 4.61 
  6 5.60 82.62 2.36 5.49 0.00 6.74 2.79 4.63 
  7 5.87 82.37 2.39 5.39 0.00 7.02 2.82 4.83 
  8 6.34 84.55 1.99 4.81 0.00 6.11 2.54 5.36 
  9 6.20 84.16 2.08 4.67 0.00 6.32 2.77 5.21 
  10 5.96 84.33 2.16 4.24 0.00 6.42 2.86 5.03 
  1 15 44.85 1.66 0.19 24.25 73.69 0.20 0.02 0.74 
  2 14.03 29.69 0.89 15.70 50.63 2.38 0.71 4.17 
  3 9.48 57.78 1.52 10.55 23.70 4.84 1.61 5.48 
  4 8.61 68.11 1.70 8.85 13.93 5.49 1.92 5.86 
  5 8.49 75.88 1.61 8.31 6.29 5.36 2.55 6.44 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  6 8.34 82.41 1.76 7.14 0.00 5.82 2.87 6.87 
  7 9.31 81.84 1.89 7.93 0.00 5.67 2.67 7.62 
  8 9.48 82.47 1.67 7.38 0.00 5.54 2.94 7.81 
  9 9.29 83.71 1.68 6.72 0.00 5.09 2.80 7.78 
  10 9.16 84.94 1.69 5.23 0.00 5.37 2.77 7.78 
  1 20 56.69 1.33 0.14 24.39 73.99 0.14 0.01 0.75 
  2  16.91 30.85 0.85 17.99 47.15 2.37 0.79 5.22 
  3  11.98 56.76 1.31 8.34 27.78 4.17 1.63 6.80 
  4  10.99 69.98 1.46 7.44 14.60 4.63 1.88 7.69 
  5  10.00 81.48 1.92 8.10 0.00 5.83 2.68 8.15 
  6  10.59 82.88 1.64 7.11 0.00 5.42 2.95 8.78 
  7  11.20 84.33 1.62 6.00 0.00 5.15 2.89 9.44 
  8  10.95 83.79 1.79 5.79 0.00 5.58 3.05 9.17 
  9  10.75 85.43 1.50 4.89 0.00 5.35 2.83 9.19 
  10  11.57 85.64 1.70 4.45 0.00 5.38 2.83 9.91 
            
 550 1 5 31.66 2.22 0.40 28.11 68.87 0.37 0.03 0.70 
  2 7.39 19.78 2.41 17.60 56.92 2.95 0.34 1.46 
  3 5.18 50.78 3.99 10.87 27.37 5.58 1.41 2.63 
  4 4.60 64.82 4.23 9.80 11.33 7.50 2.32 2.98 
  5 4.40 70.33 4.25 8.88 6.09 7.76 2.67 3.09 
  6 4.86 74.92 3.89 7.77 3.01 7.43 2.98 3.64 
  7 4.65 78.69 4.22 6.05 0.00 8.18 2.87 3.66 
  8 4.66 79.56 4.19 5.46 0.00 7.95 2.84 3.71 
  9 4.51 78.96 4.51 4.97 0.00 8.03 3.53 3.56 
  10 5.44 79.54 5.85 3.82 0.00 7.73 3.07 4.32 
  1 10 53.86 1.43 0.44 33.10 64.75 0.26 0.02 0.77 
  
 
2 10.79 27.90 2.41 15.99 48.93 3.88 0.90 3.01 
  3 7.71 58.95 3.34 8.23 21.06 6.17 2.25 4.54 
  4 7.47 72.05 3.50 7.86 6.38 7.26 2.95 5.38 
  5 8.33 74.99 3.61 6.60 4.23 7.47 3.10 6.24 
  6 7.97 79.28 3.68 6.21 0.00 7.20 3.64 6.32 
  7 8.30 80.53 3.40 5.08 0.00 7.48 3.51 6.68 
  8 8.13 82.34 3.23 4.39 0.00 6.65 3.40 6.69 
  9 8.14 81.14 3.30 4.11 0.00 7.59 3.87 6.60 
  10 8.54 83.47 3.19 3.36 0.00 6.64 3.34 7.13 
  1 15 64.74 1.62 0.25 31.27 66.59 0.26 0.02 1.05 
  2 11.60 41.49 2.68 14.04 29.75 5.43 6.61 4.81 
  3 10.32 67.82 3.25 9.79 8.97 7.06 3.10 7.00 
  4 10.15 72.17 3.82 8.95 4.53 7.38 3.15 7.33 
  5 10.82 78.26 3.22 6.70 1.05 7.24 3.53 8.46 
  6 11.12 80.20 3.24 5.50 0.00 7.19 3.87 8.92 
  7 11.09 80.90 3.32 4.94 0.00 7.19 3.66 8.97 
  8 10.58 80.38 3.43 4.62 0.00 7.43 4.14 8.51 
  9 11.33 82.50 3.23 3.97 0.00 6.41 3.89 9.35 
  10 12.08 82.81 3.19 3.55 0.00 6.63 3.82 10.00 
  1 20 76.51 0.96 0.21 24.46 74.15 0.21 0.01 0.73 
  2 13.42 47.60 2.17 13.20 20.07 6.84 10.12 6.39 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  3 12.57 68.12 2.78 10.28 7.94 7.61 3.26 8.56 
  4 12.30 73.06 2.87 8.66 3.53 8.05 3.84 8.98 
  5 13.43 77.91 2.77 7.86 0.00 7.73 3.74 10.46 
  6 14.27 80.21 2.47 6.81 0.00 7.00 3.51 11.44 
  7 12.97 80.84 2.65 5.38 0.00 7.29 3.84 10.49 
  8 12.95 82.41 2.67 4.20 0.00 6.91 3.80 10.68 
  9 14.04 83.51 2.42 3.39 0.00 6.94 3.74 11.72 
  10 13.66 85.03 2.38 2.84 0.00 6.11 3.64 11.62 
10% V 475 1 5 6.69 3.55 0.21 89.94 6.00 0.27 0.04 0.24 
  2 10.12 2.94 0.13 69.34 27.20 0.32 0.06 0.30 
  3 3.37 34.44 0.46 7.99 55.94 0.98 0.20 1.16 
  4 2.78 55.74 0.55 8.73 32.73 2.00 0.24 1.55 
  5 2.57 62.31 0.67 8.18 26.05 2.52 0.25 1.60 
  6 2.61 63.69 0.66 7.63 25.04 2.65 0.33 1.66 
  7 2.67 64.55 0.72 7.07 24.14 3.21 0.32 1.73 
  8 2.58 70.88 0.75 4.65 19.91 3.48 0.33 1.83 
  9 2.64 72.50 0.72 4.19 18.86 3.41 0.32 1.92 
  10 2.68 73.21 0.85 3.93 17.88 3.74 0.39 1.96 
  1 10 20.17 1.52 0.10 32.99 65.15 0.22 0.03 0.31 
  
 
2 9.69 11.45 0.26 25.87 61.50 0.80 0.12 1.11 
  3 5.09 46.36 0.50 8.85 42.34 1.67 0.27 2.36 
  4 4.13 57.70 0.60 9.80 29.42 2.15 0.33 2.38 
  5 4.09 67.74 0.60 9.03 19.73 2.58 0.33 2.77 
  6 4.10 68.20 0.59 8.82 19.26 2.81 0.32 2.80 
  7 4.00 71.37 0.60 7.44 17.30 2.96 0.33 2.86 
  8 3.86 74.38 0.68 7.02 14.45 3.12 0.34 2.87 
  9 3.82 77.07 0.68 4.61 13.94 3.35 0.34 2.94 
  10 3.76 79.93 0.80 4.50 10.65 3.48 0.63 3.01 
  1 15 29.58 1.33 0.08 25.26 73.07 0.21 0.05 0.39 
  2 10.77 19.61 0.28 19.98 59.11 0.86 0.17 2.11 
  3 6.05 50.37 0.48 12.54 34.51 1.81 0.29 3.05 
  4 5.88 55.96 0.48 12.65 28.29 2.31 0.30 3.29 
  5 5.71 58.59 0.50 10.74 27.44 2.42 0.31 3.35 
  6 5.24 66.70 0.55 9.10 20.57 2.75 0.34 3.50 
  7 5.30 67.16 0.58 8.89 20.26 2.78 0.33 3.56 
  8 4.82 76.00 0.68 7.58 12.15 3.23 0.36 3.66 
  9 4.73 78.80 0.78 7.56 9.14 3.27 0.46 3.73 
  10 4.85 79.54 0.75 6.06 9.59 3.56 0.50 3.86 
  1 20 37.81 1.18 0.07 23.68 74.84 0.23 0.01 0.45 
  2 13.41 22.07 0.23 19.40 57.39 0.75 0.16 2.96 
  3 7.25 53.96 0.46 11.59 31.89 1.79 0.31 3.91 
  4 6.88 59.45 0.48 11.59 25.92 2.21 0.35 4.09 
  5 6.70 61.87 0.50 9.79 25.00 2.48 0.36 4.15 
  6 6.21 69.56 0.54 8.19 18.50 2.82 0.39 4.32 
  7 6.09 71.90 0.58 8.21 15.97 2.94 0.40 4.38 
  8 5.80 76.92 0.60 7.40 11.41 3.21 0.45 4.46 
  9 5.77 80.31 0.61 6.65 8.64 3.34 0.46 4.64 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  10 5.77 80.96 0.76 5.32 9.06 3.45 0.46 4.67 
 500 1 5 17.00 1.33 0.14 38.40 59.95 0.16 0.01 0.23 
  2 9.16 4.28 0.35 30.77 63.82 0.64 0.14 0.39 
  3 4.58 30.69 0.83 9.71 56.59 1.73 0.44 1.41 
  4 3.96 48.87 0.94 9.55 36.50 3.57 0.55 1.93 
  5 3.55 61.04 1.05 10.66 22.02 4.61 0.62 2.16 
  6 3.50 64.97 1.12 10.51 17.84 4.81 0.75 2.27 
  7 3.33 70.35 1.18 10.75 11.43 5.43 0.85 2.34 
  8 3.37 72.22 1.22 9.60 10.55 5.58 0.83 2.43 
  9 3.05 80.81 1.41 10.57 0.00 6.15 1.06 2.46 
  10 3.15 81.42 1.36 10.12 0.00 6.02 1.09 2.56 
  1 10 26.05 1.28 0.16 32.25 66.09 0.17 0.05 0.33 
  
 
2 12.87 8.86 0.40 23.05 66.95 0.61 0.13 1.14 
  3 7.92 36.76 0.68 11.41 48.69 1.96 0.48 2.91 
  4 4.81 62.97 1.17 15.34 14.53 5.10 0.89 3.03 
  5 5.29 68.33 1.10 13.73 10.99 4.87 0.97 3.62 
  6 5.43 71.71 1.15 12.26 8.90 4.91 1.06 3.89 
  7 5.01 78.91 1.24 13.07 0.00 5.46 1.33 3.96 
  8 4.96 79.55 1.24 12.30 0.00 5.54 1.37 3.95 
  9 4.95 80.34 1.30 11.33 0.00 5.56 1.48 3.98 
  10 4.96 83.59 1.33 8.10 0.00 5.44 1.54 4.14 
  1 15 33.93 1.22 0.13 25.84 72.65 0.13 0.03 0.41 
  2 14.28 18.24 0.40 17.24 62.89 0.97 0.27 2.60 
  3 8.79 40.54 0.71 15.28 40.45 2.49 0.52 3.56 
  4 6.62 63.35 0.99 16.91 13.97 4.03 0.76 4.20 
  5 7.05 67.48 0.90 15.29 11.33 4.00 0.99 4.76 
  6 6.32 75.90 1.03 16.85 0.00 5.00 1.23 4.80 
  7 6.41 76.66 1.00 16.06 0.00 5.05 1.22 4.92 
  8 6.46 77.95 1.09 14.67 0.00 5.02 1.27 5.03 
  9 6.54 79.32 1.07 13.37 0.00 4.82 1.42 5.19 
  10 6.66 82.09 1.07 10.20 0.00 5.18 1.46 5.47 
  1 20 44.20 1.10 0.10 20.75 77.90 0.11 0.03 0.49 
  2 14.37 25.32 0.44 15.75 56.84 1.29 0.36 3.64 
  3 9.84 47.71 0.66 13.96 34.42 2.63 0.62 4.69 
  4 8.34 63.80 0.84 18.89 11.75 3.95 0.79 5.32 
  5 8.61 67.16 0.83 17.44 9.85 3.68 1.04 5.78 
  6 8.72 69.03 0.83 16.23 8.76 4.01 1.14 6.02 
  7 8.06 75.81 0.93 17.30 0.00 4.54 1.41 6.11 
  8 7.81 79.00 0.92 14.09 0.00 4.53 1.45 6.17 
  9 7.83 79.41 0.94 13.67 0.00 4.52 1.47 6.22 
  10 8.29 80.23 0.96 12.70 0.00 4.56 1.54 6.65 
            
 525 1 5 23.49 1.20 0.28 31.46 66.91 0.15 0.00 0.28 
  2 12.08 5.01 0.62 25.59 68.16 0.58 0.04 0.61 
  3 6.27 25.99 1.47 10.20 59.10 2.65 0.59 1.63 
  4 4.46 54.22 2.26 11.47 24.43 6.15 1.47 2.42 
  5 4.23 63.96 2.42 11.75 12.94 7.00 1.92 2.71 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  6 3.71 74.80 2.73 10.97 0.00 8.89 2.61 2.78 
  7 3.91 75.88 2.68 10.07 0.00 8.58 2.79 2.97 
  8 3.97 75.98 2.66 9.64 0.00 8.67 3.05 3.02 
  9 3.99 76.23 2.64 9.33 0.00 8.72 3.08 3.04 
  10 4.01 77.45 2.61 8.67 0.00 8.29 2.98 3.10 
  1 10 35.49 1.11 0.20 24.76 73.78 0.14 0.01 0.39 
  
 
2 15.40 8.78 0.67 20.47 68.88 1.01 0.19 1.35 
  3 8.07 41.56 1.44 9.61 41.93 4.35 1.12 3.35 
  4 6.05 62.39 1.92 10.61 16.83 6.40 1.86 3.78 
  5 5.97 70.80 2.04 9.32 8.54 7.01 2.30 4.23 
  6 5.91 79.35 2.15 8.50 0.00 7.16 2.84 4.69 
  7 5.89 79.42 2.21 8.15 0.00 7.20 3.03 4.68 
  8 5.90 79.39 2.22 7.99 0.00 7.30 3.11 4.69 
  9 6.26 80.62 2.15 7.18 0.00 6.98 3.07 5.05 
  10 6.31 81.22 2.12 6.48 0.00 7.04 3.14 5.13 
  1 15 53.05 0.99 0.13 25.39 73.38 0.11 0.01 0.52 
  2 19.12 17.23 0.65 18.49 61.76 1.40 0.47 3.30 
  3 10.78 48.94 1.25 12.11 32.44 4.00 1.25 5.27 
  4 10.19 60.74 1.36 12.35 19.00 4.86 1.69 6.19 
  5 9.61 69.74 1.51 13.03 8.23 5.30 2.19 6.70 
  6 9.15 78.61 1.65 11.49 0.00 5.68 2.57 7.20 
  7 9.43 77.42 1.60 12.89 0.00 5.48 2.61 7.30 
  8 9.74 78.49 1.56 11.93 0.00 5.37 2.65 7.64 
  9 9.94 79.04 1.57 11.42 0.00 5.33 2.64 7.86 
  10 9.45 81.18 1.62 8.92 0.00 5.57 2.70 7.67 
  1 20 64.47 0.79 0.10 28.26 70.74 0.10 0.01 0.51 
  2  23.22 19.79 0.60 20.69 56.64 1.67 0.62 4.60 
  3  14.47 44.61 1.15 10.82 38.02 4.06 1.33 6.46 
  4  13.09 59.86 1.33 10.63 21.21 5.01 1.97 7.84 
  5  11.38 77.48 1.68 11.93 0.00 6.11 2.80 8.82 
  6  11.43 78.00 1.68 10.93 0.00 6.30 3.09 8.92 
  7  11.77 79.34 1.64 9.78 0.00 6.09 3.16 9.33 
  8  11.77 80.18 1.64 8.92 0.00 6.06 3.20 9.44 
  9  11.43 80.89 1.65 8.14 0.00 6.08 3.24 9.24 
  10  12.05 82.33 1.62 7.09 0.00 5.77 3.18 9.92 
            
 550 1 5 43.98 1.10 0.32 27.16 71.21 0.19 0.01 0.48 
  2 10.22 11.46 2.29 19.94 64.37 1.83 0.11 1.17 
  3 5.94 39.01 4.33 12.19 37.40 5.66 1.41 2.32 
  4 5.50 59.54 4.91 11.25 12.83 8.61 2.86 3.27 
  5 5.26 64.71 5.09 11.34 6.38 8.98 3.51 3.40 
  6 5.43 69.77 4.97 10.20 2.19 8.94 3.93 3.79 
  7 5.25 72.84 5.16 8.33 0.00 9.46 4.21 3.83 
  8 5.45 73.74 5.01 7.68 0.00 9.28 4.29 4.02 
  9 5.89 75.68 4.68 6.58 0.00 8.72 4.34 4.46 
  10 6.00 76.03 4.65 5.84 0.00 8.90 4.59 4.56 
  1 10 64.90 0.91 0.22 33.54 65.17 0.15 0.01 0.59 
  
 
2 15.36 17.67 2.33 19.37 56.96 3.08 0.58 2.71 
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Catalyst 
Sample 
T Run 
# 
Reaction 
Time 
X 
propane 
Selectivity (%) C3H6 
Yield 
(
o
C)  (s) (%) C3H6 C2H6 CO CO2 CH4 C2H4 (%) 
  3 10.17 49.83 3.75 8.73 28.11 7.05 2.52 5.07 
  4 9.19 67.08 4.31 8.47 7.90 8.54 3.70 6.17 
  5 9.51 71.17 4.14 7.49 4.80 8.23 4.16 6.77 
  6 9.46 75.51 4.16 7.40 0.00 8.34 4.59 7.14 
  7 9.78 76.81 4.00 6.58 0.00 8.21 4.40 7.51 
  8 9.90 77.09 3.99 6.06 0.00 8.39 4.46 7.63 
  9 10.13 77.91 3.88 5.51 0.00 8.33 4.37 7.90 
  10 10.14 78.48 3.88 4.96 0.00 8.34 4.33 7.96 
  1 15 71.39 0.86 0.20 36.27 62.49 0.16 0.01 0.61 
  2 14.24 33.23 3.11 19.07 36.11 6.23 2.24 4.73 
  3 12.25 60.47 3.94 12.93 9.93 8.35 4.38 7.41 
  4 11.97 65.78 4.07 12.12 4.73 8.84 4.47 7.87 
  5 11.87 71.16 4.13 10.28 0.00 9.09 5.35 8.45 
  6 12.28 73.54 3.98 8.19 0.00 8.82 5.47 9.03 
  7 12.60 74.04 3.83 7.83 0.00 8.85 5.44 9.33 
  8 12.89 75.22 3.73 6.95 0.00 8.80 5.30 9.70 
  9 13.04 75.94 3.72 6.45 0.00 8.59 5.30 9.91 
  10 12.62 75.96 3.77 5.95 0.00 9.07 5.26 9.59 
  1 20 79.21 0.72 0.16 34.21 64.74 0.15 0.01 0.57 
  2 15.80 44.32 3.24 19.25 22.18 7.61 3.40 7.00 
  3 15.06 59.83 3.42 15.07 8.49 8.58 4.61 9.01 
  4 14.08 66.02 3.70 12.70 3.07 9.23 5.28 9.29 
  5 13.70 68.04 3.88 12.71 0.00 9.90 5.46 9.32 
  6 15.11 71.49 3.49 11.00 0.00 8.87 5.15 10.80 
  7 14.70 73.60 3.56 8.28 0.00 8.95 5.61 10.82 
  8 15.09 75.97 3.37 6.66 0.00 8.69 5.31 11.46 
  9 15.04 76.59 3.43 5.75 0.00 8.79 5.45 11.52 
  10 15.16 77.87 3.43 4.84 0.00 8.46 5.40 11.80 
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